Passive microwave algorithm development and evaluation by Petty, Grant W.
NASA-CR-1919Z5
PASSIVE MICROWAVE ALGORITHM DEVELOPMENT
AND EVALUATION
NASA GRANT NAGW-3944
ANNUAL REPORT
Year 1: April 1994-March 1995
/ZJ J
Prepared 15 March 1995
PRINCIPAL INVESTIGATOR: Grant W. Petty
Department of Earth and Atmospheric Sciences
1397 CIVL Bldg.
Purdue University
West Lafayette, IN 47907
(317) 494-2544
NASA TECHNICAL MONITOR: Dr. James C. Dodge
Code YD
National Aeronautics and Space
Administration
Washington, D.C. 20546
f-
/
(NASA-CR-197915) PASSIVE MICROWAVE
ALGORITHM DEVELOPMENT ANO
EVALUATION Annual Progress Report
No. it Apr. 1994 - Mar. lq95
(Purdue Univ.) 57 p
G3/47 0043721
https://ntrs.nasa.gov/search.jsp?R=19950018115 2020-06-16T07:25:27+00:00Z

Scientific Objectives
(1) Thoroughly evaluate, both theoretically and empirically, and on identical terms,
all available SSM/I retrieval algorithms for column water vapor, column liquid water,
and surface wind speed. (2) Where both appropriate and feasible, develop, validate, and
document satellite passive microwave retrieval algorithms that offer significantly improved
performance compared with currently available algorithms. (3) Refine and validate a novel
physical inversion scheme for retrieving rain rate over the ocean.
1. Progress Report
This report summarizes work accomplished or in progress during the first year of a
three year grant.
1.1 Precipitation retrievals
The emphasis during the first year has been on the validation and refinement of the
rain rate algorithm published by Petty (1994a,b) and on the analysis of independent data
sets that can be used to help evaluate the performance of rain rate algorithms over remote
areas of the ocean. The following summarizes relevant activities and results.
1.1.1 Individual validation efforts
Following both the 2nd Algorithm Intercomparison Project (AIP-2) and the WetNet
1st Precipitation Intercomparison Project (PIP-l), various aspects of the global perfor-
mance of our over-ocean rain rate algorithm were further evaluated against a variety of
sources, and any unambiguous problems we were able to detect were corrected.
In particular, we first verified that our screening procedures for classifying pixels as
no-rain or possible-rain yielded realistic global distributions of precipitation frequency, as
compared with surface ship-derived frequencies of precipitation. Surprisingly, the liquid
water threshold we had previously specified on an ad hoc basis proved to be nearly optimal
for reproducing climatological frequencies of light precipitation; therefore no adjustment
was deemed necessary.
We recently extended the comparison with our ship-derived climatology to include all
10 algorithms for which latitude-time products had been submitted to the WetNet PIP-
1 project. We found that, whereas most algorithms yielded acceptable distributions in
the tropics and subtropics, only the Petty submission and the Olson submission (wtfich
was also based on the normalized polarization and scattering indices defined by Petty
1994) successfully reproduced the rather high frequency of light precipitation at latitudes
poleward of 45 °. This study, a preliminary draft of which is appended to this report, is
now being written up for submission to a journal.
In addition, we tuned various details of the algorithm so as to eliminate the factor-
of-two bias observed during PIP-1 in the monthly rainfall retrievals relative to the atoll
gage totals. Because the apparent bias varied with the minimum number of atolls per 2.5 °
box that were included in the sample, a completely unambiguous bias determination and
correction was not possible. Performance of the final tuned algorithm is summarized in
Table 1.
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Further validation work completed during the past year included comparison of in-
stantaneous rain rate estimates with near-coincident over water radar data from Hualien,
Taiwan. This intercomparison yielded several results of interest, many of which did not
speak well for the usefulness of the radar data as "truth". On the positive side, instanta-
neous correlations over a long time period (10 July 1987 - 31 March 1988) were as high as
0.85 when the maximum range of the radar data used was restricted to 100 km (Fig. 1).
1.1._ Participation in PIP-$
The latest in the PIP series is the 2nd Precipitation Intercomparison Project, which
focused on instantaneous rain rate retrievals in over 100 swaths of SSM/I imagery, repre-
senting a variety of storm cases from around the world. As of this writing, analysis of the
results is not complete, but preliminary tables of validation statistics relative to each of
the individual swaths have been released.
Two products were submitted by the PI; one based on the full physical inversion
("Petty-l') and another based strictly on the scattering-based "first-guess" rain rate field
("Petty-2"). Fig. 2 depicts the number of over water cases (out of 56) for which each
participating algorithm yielded a correlation coefficient of better than 0.5 with respect
to the available validation data. Although the meaningfulness of the precise ranking is
doubtful, on account of the very mixed quality of the validation data, it is noteworthy
that the Petty submissions were among the top performers by this particular measure,
suggesting that they were unusually successful in extracting instantaneous spatial patterns
of rain rate from the SSM/I brightness temperatures.
1.1.3 Participation in ALP-3
The 3d Algorithm Intercomparison Project (AIP-3) is also now in its final analysis
phase. This intercomparison focused on validation of algorithms against ship weather
radar over the tropical Pacific during TOGA-COARE. Preliminary results have already
been made available. As seen in Table 2, the Petty physical algorithm (PE1) exhibited
the overall best correlation coefficient (r = 0.757) with respect to instantaneous rain rates
pooled over all cruises and a common set of swaths, out of 47 submissions (including IR
and mixed IR/microwave algorithms, as well as SSM/I only). This result again appears to
confirm that the Petty algorithm does unusually well at responding directly to temporal
and spatial variations in rainfall intensity in the tropics, which has been one of the principle
aims of our algorithm development work.
Reliable evaluation of competing algorithms' absolute calibration in AIP-3 (and thus
of RMS errors and biases) is proving to be less straightforward. 19 out of 47 submissions
(including IR, SSM/I, and mixed, and including the Petty physical algorithm) yielded
ratios of satellite to radar rain rate falling in the narrow interval 1.8-2.2, whereas only
4 had ratios near unity. This suggests that either the radar calibration is off by a factor
of about two, or else there is an inexplicable tendency for 19 distinct algorithms, some of
which have a long history of being tuned to gauges, to be out of calibration by almost
exactly the same amount. Unless this question is clearly resolved in favor of the radar, we
are reluctant to attribute much significant to the RMS differences or ratios computed in
AIP-3.
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AIP-3.
1.2 Other SSM/I Retrievals
In addition to the refinement and validation of the Petty rain rate algorithms, the
objectives of the project include intercomparing and, where applicable, improving algo-
rithms retrieving other variables from SSM/I data. To this end, 5-year sequences of global
ship and island radiosonde data and of surface buoy winds have recently been purchased
and are now being processed. These will be matched with SSM/I brightness temperatures
to aid in a detailed empirical and theoretical exploration of the performance of a variety
of retrieval techniques. In addition, new Ph.D. student Nitin Gautam intends to further
explore applications of SSM/I retrievables (e.g., precipitable water, surface wind speed,
etc.) to studies of air-sea interaction and the local global water cycle.
2. Highlights of project-related professional activities
• Seven journal publications were published or accepted for publication during the
project year, three of which acknowledge major support from the present NASA grant
or its immediate predecessor (NAGW-2984). An eighth manuscript, also supported
by this grant, is nearing completion.
• M.S. student David R. Stettner (initially supported by NASA Grant NAGW-2984,
subsequently by NAGW-3944) completed thesis entitled Evaluation of an Over- Water
Rain Rate Retrieval Algorithm for the SSM/I (August, 1994). Excerpts of this the-
sis will be submitted for journal publication upon completion of AIP-3 and PIP-2
activities.
• Attended the 7th AMS Conference on Satellite Meteorology and Oceanography, in
Monterey, June 1994, accompanied by the PI's three graduate students (Douglas K.
Miller, Mark D. Conner, and David R. Stettner) Five conference papers were pre-
sented, four of which describe research supported by the present grant. Also served
as Program Committee member and Session Chair for this conference.
• Appointed conference Co-Chair for the upcoming AMS 8th Conference on Satellite
Meteorology and Oceanography (Atlanta, January 1996).
• Appointed to a 2-year term on the scientific advisory team for the WMO World Cli-
mate Research Program (WCRP) Global Precipitation Climatology Project (GPCP)
• Appointed to Steering Committee, NASA WetNet 3d Precipitation [Algorithm] Inter-
comparison Project (PIP-3).
• Participated in the NASA WetNet 2nd Precipitation Intercomparison Project (PIP-2).
• Participated in the GPCP 3d Algorithm Intercomparison Project (AIP-3); will attend
the GPCP AIP-3 Results workshop in Melbourne, Australia; 27-30 March 1995.
• Participated in the NASA WetNet Workshop in Durham, NH, 13-15 February 1995.
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3. NASA-supported publications during project year
3.1 Refereed
Petty, G.W., 1994: Physical retrievals of over-ocean rain rate from multichannel microwave
imagery. Part I: Theoretical characteristics of normalized polarization and scattering
indices. Meteorol. Armor. Phys., 54, 79-100
Petty, G.W., 1994: Physical retrievals of over-ocean rain rate from multichannel microwave
imagery. Part II: Algorithm implementation. Meteorol. Atmos. Phys., 54, 101-122
Wilheit, T., R. Adler, S. Avery, E. Barrett, P. Bauer, W. Berg, A. Chang, J. Ferriday, N.
Grody, S. Goodman, C. Kidd, D. Kniveton, C. Kummerow, A. Mugnai, W. Olson, G.
Petty, A. Shibata, E. Smith, R. Spencer, 1994: Algorithms for the retrieval of rainfall
from passive microwave measurements. Remote Sens. Rev., 11, 163-194
Barrett, E.C., R.F. Adler, K. Arpe, P. Bauer, W. Berg, A. Chang, R. Ferraro, J. Ferriday,
S. Goodman, Y. Hong, J. Janowiak, C. Kidd, D. Kniveton, M. Morrissey, W. Olson,
G. Petty, B. Rudolf, A. Shibata, E. Smith, R. Spencer, 1994: The first WetNet Pre-
cipitation Intercomparison Project: Interpretation of results. Remote Sens. Rev., 11,
303-373
Petty, G.W., 1995: The status of satellite-based rainfall estimation over land. Remote Sen._.
Environ. 51,125-137
Petty, G.W., and D.K. Miller, 1995: Satellite microwave observations of precipitation cor-
related with intensification rate in extratropical oceanic cyclones. Mon. Wea. Rev. (to
appear in May issue)
Petty, G.W., 1995: Frequencies and characteristics of global oceanic precipitation from
shipboard present-weather reports. Bull. Amer. Meteor. Soc. (to appear in September
issue)
Petty, G.W., 1995: An Intercomparison of Oceanic Precipitation Frequencies from 10
SSM/I Rain Rate Algorithms and Shipboard Present-Weather Reports. (in prepa-
ration for submission to J. Appl. Meteor.; draft enclosed)
3.2 Conference Papers
Petty, G.W., and D.R. Stettner, 1994: A new inversion-based algorithm for retrieval of
over-water rain rate from SSM/I multichannel imagery. 7th Conference on Satellite
Meteorology and Oceanography, Monterey, California, 6-10 June.
Petty, G.W., A. Mugnai, and E.A. Smith, 1994: Reverse Monte Carlo simulations of
microwave radiative transfer in realistic 3-D rain clouds. 7th Conference on Satellite
Meteorology and Oceanography, Monterey, California, 6-10 June.
Petty, G.W., 1994: Some regional characteristics of oceanic rainfall and their implications
for satellite rainfall retrievals. 7th Conference on Satellite Meteorology and Oceanog-
raphy, Monterey, California, 6-10 June.
Petty, G.W., and M.D. Conner, 1994: Identification and classification of transient sig-
natures in over-land SSM/I imagery. 7th Conference on Satellite Meteorology and
Oceanography, Monterey, California, 6-10 June.
Petty, G.W., and D.K. Miller, 1994: SSM/I rainfall indices correlated with deepening rate
in extratropical cyclones. 7th Conference on Satellite Meteorology and Oceanography,
Monterey, California, 6-10 June. (invited paper)
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Frequencies and Characteristics of Global Oceanic
Precipitation from Shipboard Present-Weather Reports
Grant W. Petty*
Purdue University
West Lafayette, Indiana
Abstract
Ship reports of present-weather obtained from the Com-
prehensive Ocean-Atmosphere Data Set (COADS) are
analyzed for the period 1958-1991 in order to elucidate
regional and seasonal variations in the climatological fre-
quency, phase, intensity, and character of oceanic precip-
itation. Specific findings of note include the following:
(1) The frequency of thunderstorm reports, relative to
all precipitation reports, is a strong function of location,
with thunderstorm activity being favored within 1000-
3000 km of major tropical and subtropical land masses,
while being quite rare at other locations, even within the
ITCZ.
(2) The latitudinal frequency of precipitation over the
southern oceans increa_s steadily toward the Antarc-
tic continent and shows relatively little seasonal vari-
ation. The frequency of convective activity, however,
shows considerable seasonal variability, with sharp win-
ter maxima occurring near 38 ° latitude in both hemi-
spheres.
(3) Drizzle is the preferred form of precipitation in a
number of regions, most of which coincide with known
regions of persistent marine stratus and stratocumulus
in the subtropical highs. Less well documented is the
high relative frequency of drizzle in the vicinity of the
equatorial sea surface temperature front in the Eastern
Pacific.
(4) Regional differences in the temporal scale of pre-
cipitation events (e.g., transient showers vs. steady pre-
cipitation) are clearly depicted by way of the ratio of
the frequency of precipitation at the observation time
to the frequency of all precipitation reports, including
precipitation during the previous hour.
The results of this study suggest that many current
satellite rainfall estimation techniques may substantially
underestimate the fractional coverage or frequency of
precipitation poleward of 50 ° latitude and in the sub-
tropical dry zones. They also draw attention to the need
to carefully account for regional differences in the phys-
ical and spatial properties of rainfall when developing
calibration relationships for satellite algorithms.
* Corresponding Author Address: Grant W. Petty, Earth
and Atmospheric Sciences Dept., West Lafayette, IN, 47907-
1397
1 Introduction
The need for an accurate global precipitation clima-
tology over the ocean has been recognized for many
decades, owing to the key role played by oceanic
precipitation in the general circulation of the at-
mosphere and in the global hydrological and geo-
chemical cycles. Because it is the average precip-
itation rate (or average monthly precipitation ac-
cumulation) that is of greatest direct importance
for studies of atmospheric energetics and moisture
budgets, most research to date has focused on the
estimation of this variable by various means. Un-
til recently, the only data available for this purpose
was qualitative shipboard observations of present-
weather, sometimes combined with rainfall measure-
ments from nearby coastal and island sites.
A review of early efforts to develop a precipita-
tion climatology over the ocean is given by Tucker
(1961); these efforts generally involved highly indi-
rect estimates based on extrapolation from nearby
continents and on observations of sea surface salin-
ity. Tucker proposed to estimate rainfall more di-
rectly from coded shipboard present-weather obser-
vations. He assigned calibrated weights (based on
land station observations in the UK) to various cat-
egories of codes representing precipitation and an-
alyzed 5 years of ocean weather ship observations
to derive patterns of precipitation amount over the
North Atlantic.
Later authors (Reed 1979; Reed and Elliott 1979;
Dorman and Bourke 1979, 1981) refined and ex-
tended Tueker's method, emphasizing the correction
of systematic regional differences in the average pre-
cipitation intensity associated with various reported
present weather codes: Jaeger (1983) used a dif-
ferent approach, basing his estimates of monthly
precipitation accumulation over the ocean in part
on precipitation frequency estimates extracted from
the U.S. Navy Marine Climatic Atlas of the World
(U.S. Navy 1974-1979). These in turn were based
on shipboard present-weather reports compiled for
the period 1854-1978. Legates and Witlmott (1990)
have contributed the most recent oceanic precipita-
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tionclimatology,based partlyon a synthesisoftech-
niques and data from Dorman and Bourke (1979;
1981) and Jaeger (1983).
Regardless of the method used, allof the above
authors recognized that the estimation of quanti-
tativeprecipitationamounts from the qualitative
weather reports transmitted by ships of opportu-
nity isa task fraught with uncertainties.Even for
well-trainedobservers, the visual classificationof
precipitationintensityand character by shipboard
weather observers isan inherentlysubjectivetask,
notwithstanding comprehensive reportingrulespub-
lished by the World Meteorological Organization
(e.g.,WMO 1974) and other agenciesoverseeingthe
collectionofsynoptic reports.As pointed out inthe
U.S. Navy Marine Climatic Atlas, precipitation is
"one of [the elements] most subject to error in in-
terpretation. Thi_t derives from a number of causes
such as coding practices, observers' preference for
certainpresent-weathercodes and other biases."
Furthermore, even ifquantitativecriteriacould be
rigorouslyadhered to inthe reportingof raininten-
sity,the three conventionalclassifications"slight",
"moderate", and "heavy" -- bounded by nominal
thresholds of 2.5 and 7.5 mm h-I (0.1 and 0.3
inch h-t) (FMH 1978) -- are inadequate to charac-
terizethe wide range ofobserved precipitationinten-
sities.For example, instantaneous rain ratesin the
tropicsmay regularlyexceed 150 rnm h-i, or about
twenty times the minimum intensityfor classifica-
tionas "heavy". Moreover, most of the operational
present-weathercodes transmittedinshipboard syn-
optic weather reports do not even distinguishbe-
tween moderate and heavy precipitation;thus, in-
tensity is classified only as "slight" or as "moderate
or heavy". Clearly, the derivation of climatological
rain rates from routine ship reports alone is impossi-
ble without recourse to rather sweeping assumptions
(either explicit or implicit) concerning the underly-
ing rain rate probability distribution function and
its homogeneity in time and space.
Finally, the sampling density afforded by ships of
opportunity is extremely poor, especially over the
majority of the southern oceans. While the sampling
may be adequate to derive climatological averages
of certain precipitation properties (the focus of this
paper), it is often inadequate for studying shorter-
term variability in precipitation patterns over all but
the most densely sampled areas.
Because of these and other problems with conven-
tional reports over the ocean, there is now tremen-
dous interest in extracting quantitative estimates of
precipitation from satellite observations of the atmo-
sphere. Already, operational visible, infrared, and
microwave sensors are being utilized to derive ex-
perimental estimates of monthly precipitation over
the global oceans, and considerable effort is being
devoted to the validation and improvement of the re-
spective algorithms (e.g., Arkin and Xie 1994: Bar-
rett et al. 1994a). A Tropical Rainfall Measuring
Mission (TRMM; Simpson et al. 1988), scheduled
for launch in 1997, will be the first satellite mission
dedicated primarily to the task of developing a rain-
fall climatology, in this case within the latitude belt
between 300N and 30'S.
While the quest for satellite-derivedrainfallcli-
matologiesispropelledby the reasonablebeliefthat
satelliteshould eventually be able to provide in-
formation superior to that obtainable from sparse
and mostly qualitativesurface observationsalone,
the factremains that competing satellitealgorithms
applied to the same sensor data continue to yield
rather large(factorof two or more) differencesin
precipitationestimates;furthermore,the differences
are regionallyand latitudinallydependent (Barrett
et al. 1994b). This observation suggests,among
other things,that further calibrationand valida-
tion of algorithmsover a varietyof regions,as well
as improvements to the underlying retrievalstrate-
gies,may be necessary beforesatellitestimatesof
oceanic precipitationtotalscan be regarded as re-
liableeverywhere. Unfortunately,the same lack of
calibratedocean surfacerainfalldata which moti-
vates the development of satellitetechniques also
hampers theirglobalcalibrationand validation.
The lackofsurfacerainfallmeasurements forcali-
bratingsatellite-derivedrainfalltotalsiswell-known
and willundoubtedly remain a seriousproblem for
some time to come; itisperhaps lesswidely recog-
nized that current published satelliteretrievalal-
gorithms continue to differmarkedly even in the
retrieved frequency (or, equivalently, average frac-
tional coverage) of precipitation over various re-
gions. Given that passive microwave techniques in
particular are often billed as "physically direct", the
ability of these techniques to correctly classify a
pixel as raining or not raining might be regarded as
an even more fundamental measure of performance
than the area-averaged magnitude of the retrieved
rainfall.
Also, an unavoidable source of uncertainty in
current-generation satellite estimates of global pre-
cipitation is that the techniques used are inher-
ently sensitive to the macro- and microphysical
characteristics of the precipitating cloud system --
e.g., whether it is spatially extensive or localized.
whether it is convective or stratiform, and whether
it is warm-cloud precipitation dominated by colli-
lO.O 100. 1000. 10.0 100. 1000.
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Fig. 1: Count per 2.50 latitude-longitude grid box of ship reports utilized in the analysis.
sion/coalescence of liquid water droplets or cold-
cloud precipitation dominated by mixed-phase mi-
crophysics (Wilheit 1986). However, because rela-
tively little is known about the spatial and seasonal
variability of these characteristics over the global
oceans, the actual potential for regionally or sea-
sonally dependent biases in precipitation estimates
has never been adequately assessed.
Thirdly, while liquid-equivalent precipitation rate
is undoubtedly the variable of greatest interest for
many purposes, other characteristics of precipitation
over the ocean, such as frequency, phase, and physi-
cal character (e.g., convective vs stratiform) may be
of considerable climatological interest in their own
right, not least because of what they tell us about
regional differences in the physical and dynamic pro-
cesses of the atmosphere.
Motivated by all three of the considerations cited
above, we have undertaken a statistical analysis of
the present-weather codes reported by ships of op-
portunity over a 34 year period (1958-1991). The re-
sult of this analysis may be the most detailed global
climatology to date of the frequency of occurrence
and, especially, the general physical properties of
global oceanic precipitation.
The surface precipitation frequencies derived
herein should thus provide the first solid basis for
evaluating the ability of satellite techniques to cor-
rectly estimate average fractional coverage by pre-
cipitation over remote ocean areas. Furthermore,
the precipitation characteristics presented below
should provide new insight into the regional and sea-
sonal variability of precipitation properties to which
satellite techniques are sensitive. Finally, it is felt
that some characteristics of global precipitation elu-
cidated in this analysis are indeed noteworthy from
a purely climatological point of view.
2 COADS
The recent availability of the Comprehensive Ocean-
Atmosphere Data Set (COADS; Woodruff et al.
1987) in digital form has made it convenient to ana-
lyze a long time series of global ship reports for the
purpose of extracting climatological statistics. In
this study, we employ the Compressed Marine Re-
ports (CMR.5) format COADS product. The CMR
record format provides for the archival of much of
the same information as is contained in the standard
ship synoptic code, including air and sea surface
temperature, dewpoint, wind speed and direction.
cloud coverage and type, and present-weather
3
TableI: Definitionsof present-weathercodespertainingto precipitation.
Intensity,
Phase,
PW Code Char. Description
Codes 00 to 49 indicate no precipitation at the station (e.g., ship) at time of observation.
13 003
14 200
15 000
16 000
17 003
18 003
19 003
lightning visible, no thunder heard
precipitation within sight, not reaching the surface of the sea
precipitation within sight, reaching the surface of the sea, but more than 5 kilometers
from the station
precipitation within sight, reaching the surface of the sea, near to, but not at the station
thunderstorm, but no precipitation at time of observation
squalls at or within sight of the station during the preceding hour or at time of observation
funnel cloud or waterspout at or within sight of the station during the preceding hour
or at time of observation
Codes 20 to 29 refer to phenomena that occurred at the station during the preceding hour but
not at time of observation.
20 100
21 011
22 021
23 031
24 031
25 012
26 022
27 003
29 003
drizzle (not freezing) or snow grains
rain (not freezing)
snow
rain and snow or ice pellets, type (a)
freezing drizzle or freezing rain
shower of rain
shower of snow, or of rain and snow
shower of hail (ice pellets, type (b), snow pellets), or of rain and hail
thunderstorm (with or without precipitation)
Codes 50 to 99 indicate precipitation at the station at time of observation.
50 111 drizzle,
51 111 drizzle,
52 111 drizzle,
53 111 drizzle,
54 111 drizzle,
55 111 drizzle,
56 131 drizzle,
57 131
58 211
59 311
not freezing, intermittent, slight at time of observation
not freezing, continuous, slight at time of observation
not freezing, intermittent, moderate at time of observation
not freezing, continuous, moderate at time of observation
not freezing, intermittent, heavy (dense) at time of observation
not freezing, continuous, heavy (dense) at time of observation
freezing, slight
drizzle, freezing, moderate or heavy (dense)
drizzle and rain, slight
drizzle and rain, moderate or heavy
60 211
61 211
62 311
63 311
64 311
65 311
66 231
67 331
raln,
ra_n_
raln,
ram,
raln,
raln,
ram,
raln,
not freezing, intermittent, slight at time of observation
not freezing, continuous, slight at time of observation
not freezing, intermittent, moderate at time of observation
not freezing, continuous, moderate at time of observation
not freezing, intermittent, heavy at time of observation
not freezing, continuous, heavy at time of observation
freezing, slight
freezing, moderate or heavy
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
231
331
221
221
321
321
321
321
121
121
121
030
212
312
313
232
332
222
322
202
302
303
303
213
313
203
303
303
303
303
303
303
rain or drizzle and snow, slight
rain or drizzle and snow, moderate or heavy
intermittent fall of snowflakes, slight at time of observation
continuous fall of snowflakes, slight at time of observation
intermittent fall of snowflakes, moderate at time of observation
continuous fall of snowflakes, moderate at time of observation
intermittent fall of snowflakes, heavy at time of observation
continuous fall of snowflakes, heavy at time of observation
ice prisms (with or without fog)
snow grains (with or without fog)
isolated star-like snow crystals (with or without fog)
ice pellets, type (a) (sleet, U.S. definition)
rain shower, slight
rain shower, moderate or heavy
rain shower, violent
shower of rain and snow mixed, slight
shower of rain and snow mixed, moderate or heavy
snow shower, slight
snow shower, moderate or heavy
slight showers of snow pellets or ice pellets, type (b), with or without rain or rain
and snow mixed
moderate or heavy showers of snow pellets or ice pellets, type (b), with or without rain
or rain and snow mixed
slight showers of hail, with or without rain or rain and snow mixed, not associated with
thunder
moderate or heavy showers of hail, with or without rain or rain and snow, mixed, not
associated with thunder
slight rain at time of observation, thunderstorm during preceding hour but not at time
of observation
moderate or heavy rain at time of observation, thunderstorm during preceding hour but not
at time of observation
slight snow, or rain and snow mixed, or hail, at time of observation with thunderstorm
during the preceding hour but not at time of observation
moderate or heavy snow, or rain and snow mixed, or hail, at time of observation with
thunderstorm during the preceding hour but not at time of observation
thunderstorm, slight or moderate, without hail, but with rain and/or snow at time of
observation
thunderstorm, slight or moderate, with hail at time of observation
thunderstorm, heavy, without hail but with rain and/or snow at time of observation
thunderstorm combined with dust storm or sandstorm at time of observation
thunderstorm, heavy, with hail at time of observation
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codes. In addition, quality control flags are included
which indicate whether certain variables fall within
the normal climatological range associated with the
time and location of the report. Details of the
COADS record formats and archive contents may
be found in the document Comprehensive Ocean-
Atmosphere Data Set: Release 1 (ERL 1985).
For the purpose of this study, the present-weather
code is the variable of primary interest. Other vari-
ables are employed here strictly for screening pur-
poses.
The majority of records contained in the COADS
data set are derived from routine marine synoptic re-
ports of observations taken at the standard times of
00, 06, 12, and 18 UTC. A smaller number are taken
at intermediate 3-hourly intervals, or at other non-
standard times. Some COADS reports are derived
from unmanned sources (e.g., buoys), but these con-
stitute a small fraction of the total and play no
role in this study owing to the absence of present-
weather information.
Table 2: Precipitation intensity, phase, and charac-
ter cla_ defitliti0tls.
Code Description
Intensity Classes
0 = indeterminate
1 = extremely light (e.g., drizzle) intensity
2 = light
3 = moderate/heavy
Phase Classes
0 = indeterminate, or hail
1 = liquid
2 ---- snow
3 = transition (mixed phase or
freezing precipitation, or sleet)
Character Classes
0 = indeterminate
1 = steady/intermittent
2 = showery
3 - strong convection/thunderstorm
2.1 Present-Weather Codes
The synoptic present-weather (PW) element of a
COADS record consists of a two-digit code rang-
ing from 00 to 99. The selection of a single unique
code to represent observed conditions at a particu-
lar time and place is accomplished via a well-defined
set of criteria and priorities published by the World
Meteorological Organization (WMO 1974). Of the
Table 3: Precipitation PW code _;roups.
Intensity,
Phase,
Group Char. PW Codes
1 000 15,16
2 003 13,17,18,19,27,29
3 011 21
4 012 25
5 021 22
6 022 26
7 030 79
8 031 23,24
9 i00 20
i0 iii 50,51,52,53,54,55
ii 121 76,77,78
12 131 56,57
13 200 14
14 202 87
15 203 89,93
16 211 58,60,61
17 212 80
18 213 91
19 221 70,71
20 222 85
21 231 66,68
22 232 83
23 302 88
24 303 90,94,95,96,97,98,99
25 311 59,62,63,64,65
26 312 81
27 313 82,92
28 321 72,73,74,75
29 322 86
30 331 67,69
31 332 84
100 possible PW codes, 66 are associated -- either
explicitly or by strong implication -- with precipi-
tation. For clarity and convenience in the following
discussion, the definitions of these 66 codes are re-
produced in Table 1.
If the specific conditions represented by more than
one PW code are consistent with the observed con-
ditions, it is generally the PW code with the higher
numerical value that must be reported. This im-
plies that, for example, the reporting of fog at the
station (codes 40-49) would take precedence over
the reporting of past precipitation (codes 20-29) or
of precipitation and related phenomena observed in
the vicinity of, but not necessarily at, the station at
the time of observation (codes 13-19). Also, the re-
porting of current precipitation in any form (codes
50andgreater)takes precedence of the reporting
of past or nearby thunderstorm or lightning activ-
ity. The potential for minor statistical biases aris-
ing from these rules of precedence should be kept in
mind throughout the remainder of this paper.
Many of the PW code definitions differ in rather
subtle respects from one another. For the sake of de-
termining the gross climatological characteristics of
over-ocean precipitation, the 66 codes were therefore
grouped according to precipitation intensity, phase,
and character. Within each of these three categories,
each PW code was assigned to one of four possible
classes, the definitions of which appear in Table 2.
The results of this classification are summarized
in Table 3. Note that while a total of 64 combi-
nations of intensity, phase, and character codes are
theoretical possible, only 31 of these are actually
represented by the available PW codes. For exam-
ple, there are no "1X2" or "lX3" categories (where
"X" here implies a "wild card" value) because no
PW code has been assigned to the nonexistent case
of drizzle-intensity precipitation having a showery
or strongly convective character.
Mo6t PW codes receiving an intensity classifica-
tion of "0" ("indeterminate") correspond to precip-
itation within sight of but not at the station at the
time of observation or else precipitation observed at
the station during the hour preceding the observa-
tion time but not at the time of observation.
In a departure from the above rule, PW code 14
(virga) was assigned a nominal intensity classifica-
tion of "2", since the precipitation must be intense
enough to be visible to a surface observer yet light
enough to evaporate before reaching the surface. As
the sole PW code in Table 1 which is clearly unas-
sociated with surface precipitation, its occurrence is
not considered in the statistics presented in this pa-
per. However, virga does represent the end prod-
uct of precipitation processes, and its occurrence
has therefore been tabulated here together with the
other forms of precipitation for possible use in future
studies.
2.2 Study Sample
A 34-year period of COADS data was analyzed for
this study, covering the years 1958 through 1991.
Although the COADS archive extends as far back
as 1854, the starting year of 1958 was subjectively
chosen so as to minimize uncertainties associated
with nonstandard or variable reporting procedures
during earlier periods (Reed 1979).
The total sample count of usable ship reports per
2.50 latitude/longitude box is depicted graphically
in Fig. 1 for each season. Major shipping lanes are
clearly delineated by large sample counts; by con-
trast, large areas of the southern hemisphere, par-
ticularly the southeastern Pacific, were only rarely
sampled. In particular, during the southern hemi-
sphere winter, ship reports south of 45°S are remark-
ably scarce, with a great many gridboxes having
never been sampled at all during the entire 34-year
period.
A small number of reports (generally no more
than -_1 per grid box) in the COADS data base
were found to be associated with landlocked loca-
tions (not depicted in Fig. 1). As discussed by War-
ren et al. (1988), these reports, along with a com-
parable number of those appearing over the north
polar ice cap, presumably reflect errors in the cod-
ing or transmission of the ship's location. Assuming
that such spurious reports are scattered more or less
uniformly over the globe, it seems likely that a sim-
ilar number of the over-water reports within in any
given gridbox are likely to be mislocated as well.
This in turn implies that statistics may not be re-
liable unless the total sample size in the grid box
is much greater than the random contribution from
mislocated reports.
2.3 Data Limitations
In past studies, considerable attention has been
given to the so-called "fair weather bias" (Quayle
1974), attributed to the tendency of ships to avoid
foul weather an(l/or take fewer observations during
periods of foul weather. A partially counteracting
"foul weather bias" may arise from the tendency
of certain ships that report weather only intermit-
tently to do so mainly when the weather is deemed
significant. Another foul weather bias is hypoth-
esized to result from ships slowing down in rough
seas and thus spending more time within the stormy
region. Warren et al. (1988) examined the above
fair/foul weather biases primarily from the stand-
point of cloud observations and found that the fair
weather bias appears to prevail but is small.
With respect to the present-weather statistics de-
rived in this study, the following additional biases
are felt by the author to be of similar potential im-
portance:
(1) Systematic misclassification of precipitation
type by inadequately trained observers -- e.g., driz-
zle reported as rain, or vice versa; intermittent strat-
iform rain reported as rain showers; ice pellets re-
ported as hail, etc. In particular, characterizations
of precipitation intensity are undoubtedly made in
the field at least partly by reference to what the
crewmember has commonly experienced in the past.
For example, observers accustomed to heavy trop-
ical downpours may be more likely to classify as
"light" a rain intensity which would earn the clas-
sification "moderate" from an observer accustomed
to conditions in the North Atlantic.
(2) Day/night bias -- fewer observations are made
at night, and those observations submitted may be
less reliable, particularly as regards present-weather
codes requiring visual identification -- e.g., virga
(code 14) or precipitation within sight of but not
at the station (codes 15 and 16). However, distant
lightning (code 13) is probably reported more fre-
quently at night. Partly because of the difficulty
of accurately accounting for day/night biases, this
study does not attempt to examine diurnal varia-
tions in the reporting of various PW codes (see, how-
ever, Hahn et al. 1994, who did calculate the diurnal
phase and amplitude of the frequency of local pre-
cipitation reports from ships and found a relative
day-night difference on the order of 6_ globally).
(3) Mislocations -- in data sparse regions such
as the far southern oceans, a significant fraction of
the available data may consist of mislocated reports
from more densely sampled regions.
In this study, no attempt is made to account for
any of the above possible errors, mainly because
there is still no reliable, globally applicable basis
for doing so. The practice of arbitrarily including
past precipitation reports (i.e., precipitation during
the past hour but not at the time of observation)
in previous climatologies of precipitation frequency
(e.g., U.S. Navy, 1974-1979) in order to offset the
perceived underreporting of precipitation is difficult
to justify, since the statistical occurrence of such
reports, relative to present precipitation reports, is
highly variable according to region and reflects real
differences in the temporal character of the precipi-
tation (see Section 4d). There is no reason to expect
that the artificial (and variable) increase in appar-
ent precipitation frequency obtained in this way is
correlated in any way with the true reporting bias.
While some efforthas been made to screen out
obviouslyfaultyor unreliablereports,based inpart
on other reported variables,allfrequenciespresented
below should be interpretedin lightofthe potential
for the above noted biases.
3 Processing
The initial phase of the analysis of the 34-year
COADS data set entailed the simple tabulation of
PW classes within each 2.50 latitude/longitude grid-
box over the entire globe for each of the 12 calendar
months, resulting in a 144 x 72 x 12 × 31 histogram
of raw counts. Also computed was the correspond-
ing 144 x 72 x 12 array containing the total count of
valid PW reports.
In order for a report to be included in the above
tabulation, two criteria had to be met. First, the
total cloud amount reported had to be a legitimate
non-missing value (0-8 for oktas of the celestial cov-
ered by cloud, or 9 for sky obscured). This limits the
sample to reports made by human observers taking
visual observations of sky and weather conditions
and thus mitigates an important ambiguity in the
interpretation of a missing value for the PW code
("//" in the original synoptic report). According
to new WMO rules implemented in 1982, a miss-
ing PW code can imply either (1) that no present-
weather observation was possible (as is the case for
all buoy reports) or (2) that the present-weather
was observed by a human observer but that it in-
volved no reportable meteorological phenomena and
that sky cover development over time was not deter-
mined (note: after 1985, a station/weather indica-
tor code was added to the WMO code form for ships
to distinguish between the two cases; unfortunately
this indicator is not available in the COADS CM1R
data record format). The requirement that the total
cloud cover be reported in some form largely elimi-
nates reports of the first type from the sample, thus
reducing the likelihood of a significant low bias in
computed precipitation frequencies.
The second condition was that the sea surface
temperature quality flag in the COADS record have
a value less than or equal to zero. This criterion
eliminated reports in which the reported sea surface
temperature deviates by more than 2.8cr from the
smoothed median sea surface temperature for that
month and region, where _ is the smoothed upper
or lower median deviation (for details, see Supple-
ment C in the COADS Release 1 documentation -
ERL 1985). The intent of this screening procedure
was to reduce the number of mislocated reports in
the data set, since the reported sea surface temper-
ature in many such cases will be inconsistent with
the reported location. Undoubtedly, a few valid re-
ports axe also discarded on this basis; however, it is
assumed that the potential bias introduced by dis-
carding occasional valid reports is likely to be much
smaller than that contributed by the inadvertent in-
clusion of grossly mislocated reports.
Once gridded histograms of PW groups are de-
rived, absolute and relative frequencies of various
classes of precipitation reports may be examined in
detail. In general, two types of statistics are consid-
ered here: (1) the frequency of certain classes of pre-
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Fig. 2: Monthly count of global shipboard present-
weather reports and precipitation reports utilized in
the analysis.
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Fig. 3: Global fraction of valid present-weather
reports indicating precipitation.
cipitation reports relative to all valid PW reports;
and (2) the frequency of certain classes of precip-
itation reports relative to a more general class of
precipitation. The first type of statistic may be in-
terpreted as an absolute climatological frequency of
a certain class of precipitation, while the second type
may be interpreted as the predominance of a certain
class of precipitation (e.g. snow) conditioned on the
occurrence of a broader class (e.g., all precipitation).
4 Results
$.1 Global Statistics
4.1.1 Reporting of precipitation
The 34-year period of data analyzed yielded a total
of 13.45 × 106 valid present-weather reports over the
entire globe, of which 2.16 × 106, or 16.0%, corre-
sponded to one of the 66 precipitation codes appear-
ing in Table 1. A time series of absolute counts per
month is depicted graphically in Fig. 2. Of note
here are substantial (up to a factor of -_2) fluctua-
tions in the total sample size, with a minimum near
1963 and a maximum near 1967.
Figure 3 depicts the temporal dependence of the
global fraction of PW reports representing precipi-
tation. On a monthly basis, a pronounced annual
cycle is seen which peaks in December and January
and reaches a minimum in July. The magnitude and
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Fig. 4: Global fraction of valid present-weather re-
ports indicating precipitation, calculated first as av-
erages over season and over 10° latitude-longitude
boxes and then combined to yield yearly global av-
erages. Each curve corresponds to a different min-
imum seasonal sample size required in order for a
latitude-longitude box to be included in the global
average. The non-normalized global fraction is re-
produced from Fig. 3 for comparison.
phase of thiscycle ischieflydue to the overwhelm-
ingpredominance ofship reportsfrom the North At-
lanticand North Pacificoceans,so that the unnor-
realizedprecipitationfrequenciesappearing in Fig.
3 reflectmainly the seasonal cycleof precipitation
in the northern middle latitudes.
An unexpected feature in Fig. 3 is a sharp in-
crease(from _,0.14to ,_0.16)in the yearlyaverage
reporting of precipitationbetween 1960 and 1963
and a general downward trend again afterabout
1986. Candidate explanationsfor these differences
include(I) systematic changes with time in the ge-
ographic or seasonal distributionof ship reports,
(2) changes in shipboard present-weatherreporting
habits or procedures, (3) variationsin the proce-
dures for subsequent processingand reformating of
weather reports taken from ship logs,and/or (4)
actual long-term trends in precipitationfrequency.
While the lastof these hypotheses cannot be dis-
missed out of hand, itseemed prudent to firstseek
an explanation among the firstthree.
To examine the firstpossibility,separate time se-
riesof precipitationfrequency were computed for
each 100 latitude-longitudebox that always yielded
a specifiedminimum number of reportsper season
over the entire34 year period.These were then av-
eraged both in space and over the annualcycle so as
to yield an area-normalized yearly average precip-
itation frequency. The resulting frequency curves
(Fig. 4) do not differ appreciably from the un-
normalized precipitation frequency, implying that
large-scale geographic or seasonal shifts in the distri-
bution of reports cannot be responsible for the sharp
changes in the frequency of precipitation reports.
As regards (2), the only official change in report-
ing requirements known to the author to have been
implemented during the period in question occurred
in 1982, after which present weather could be coded
as "missing" if there was no reportable weather.
This year does not appear to be associated with
a significant change in the reported frequency de-
picted in Fig. 4, though the downward trend begin-
ning near 1987 might reflect a belated response by
shipboard observers to the new rules. As noted ear-
lier, an attempt was made to minimize the impact of
the rule change by including only reports for which
cloud information was reported.
Alternative(3) seems to be the most plausible
of the possibleexplanationsfor the behavior of the
precipitationfrequency prior to 1964, as that year
coincideswith establishment of the International
Maritime Meteorologicalexchange of ship logbook
data in standardized formats under WMO Resolu-
tion 35. Earlierdata were obtained in card decks
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Fig. 5: Global histogram of all present-weather
codes reported by ships during the period 1958-
1991.
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in non-standard formats from various countries and
sources. Therefore, the apparent bias could possibly
be an artifact of variations in processing and refor-
matting of original data to fit into the original card
decks, or subsequent reprocessing to consolidate all
the original card decks into the merged data set that
eventually was incorporated into COADS. An in-
depth study of the data in each deck, and any sur-
viving documentation, would probably be required
to help answer this question more definitively (S.
Woodruff and J. Elms, pets. comm.).
The total relative uncertainty that the apparent
bias, averaged over the full period, introduces into
our results is of the order of 2%. Consequently, the
option of restricting the analysis to the shorter, but
more homogeneous, period from 1964 to 1988 was
rejected in favor of retaining the larger sample of-
fered by the original 34 year period.
4.1.2 Reporting of PW codes and categories
Figures 5 and 6, respectively, depict the total counts
of each PW code (including non-precipitating codes)
and of each precipitation group encountered in this
period. Apart from codes 1-3, which imply the ab-
sence of any significant weather and which account
for 61% of the total reports, the single most common
code is 15 (precipitation observed at a distance but
not at the station at the time of the observation;
2.98 x 105 reports or 2.2% of the total) followed
Fig. 7: Fraction of PW reportsindicatingsome form of surfaceprecipitation,eithernear or at the ship
at the time of the observationor during the preceding hour. Displayed valuesat any geographic point are
computed from ship reportswithin 7.5° boxes centered on the point.
1
Fig. 6: Global histogram ofthe 31 present-weather
categoriesdefinedinTable 3.
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closely by code 25 (rain at the station during the
preceding hour but not at the actual time of obser-
vation; 2.41 x 105 reports or 1.8°£). The least com-
mon code, with a mere 222 reports, is code 98, which
represents the rare combination (at sea at least) of
a thunderstorm and a dust storm or sandstorm at
time of observation.
Of the precipitation groups defined in Table
3, the most common, representing 18.80£ of all
precipitation-related reports, is group 1 (Fig. 6).
This group consists of all reports of precipitation
within sight of, but not at, the station. Next, with
13.3°£, is group 16, which consists of reports of light
and steady or intermittent rainfall at the time of the
observation. Group 4, corresponding to PW code
25 (rain during the preceding hour), and group 10
(drizzle) follow with 11.20£ and 11.00£, respectively.
Least common is group 7 (only 620 reports), repre-
senting sleet (PW code 79).
Combining groups based on intensity, character,
or phase, it is found (for example) that 14.2c7c
of the global precipitation reports correspond to
drizzle-intensity precipitation (intensity class 1),
while 16.10£ correspond to moderate to heavy pre-
::::::::_%io-----.m.o,o ._ .,6o
d) mmmero exma. _ l,or,,az,vx_w (1,.6 _.) tin- =,'r (_lma-ewl)
Fig. 8: Same as Fig. 7, but fraction of PW reports indicating some form of surface precipitation occurring
locally and at the actual time of the observation.
cipitation (intensity class 3). A total of 9.3% of the
reports indicate snowfall in some form (phase class
2).
Finally, 9.2% of the precipitating reports repre-
sent PW codes indicative of thunderstorm activity
or at least strong convection (character class 3), of
which more than 1/3 (3.6% of the total) are con-
tributed by code 13 (lightning observed at a dis-
tance; no thunder) while another 1/4 (2.5% of the
total) are contributed by "squalls at or within sight
of the station during the preceding hour or at time
of observation" (code 18 -- note that the PW code
definition does not make clear what constitutes a
"squall" within this context; we have relied here
on the "common nautical definition", as cited in
FIuschke (1959), of "a severe local storm considered
as a whole, that is winds and cloud mass and [if any]
precipitation, thunder and lightning." The more
narrow technical definition of a squall as a strong
wind with sudden onset that persists for at most
a few minutes seems inconsistent with the "within
sight" aspect of the PW code definition, since wind
speed and duration cannot be reliably estimated at
a distance by a shipboard observer).
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4.2 Regional Frequencies of Precipitation
In this subsection, global maps of the absolute fre-
quencies of occurrence of various classes of precipi-
tation relative to all valid PW reports are presented.
Although frequencies were tabulated at 2.5 ° resolu-
tion, fields have been subsequently smoothed to 7.50
resolution (or greater where indicated) for presenta-
tion purposes in order to reduce statistical noise in
regions where the sampling is sparser. An unwanted
side effect of this smoothing is of course that very lo-
calized features in the precipitation frequency, such
as the Intertropical Convergence Zone (ITCZ), ap-
pear somewhat flatter and more diffuse than they
are in reality.
Fig. 7 depicts the combined frequency of the 30
PW code groups representing precipitation activity
observed (or implied) at the surface; only group 13,
virga, is excluded. Since this includes those codes
representing precipitation occurring during the pre-
vious hour but not at the time of observation and
those indicating precipitation within sight of the sta-
tion, this figure may be loosely viewed as a map of
the 1-hour probability of precipitation at, or in the
vicinity of, the station (note, however, that there
are no PW codes corresponding to precipitation ob-
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Fig. 9: Same as Fig. 7, but fraction of PW reports indicating some form of strong convective activity
(character class 3 in Table 2 and Table 3).
served near the station during the previous hour).
These frequencies range from less that 1.6% in cer-
tain portions of the subtropical dry zones to the west
of the major land masses to more than 25% in por-
tions of the ITCZ, the South Pacific Convergence
Zone (SPCZ), and at high latitudes. The monsoonal
cycle is clearly evident in the Arabian Sea and the
Bay of Bengal, as is a dramatic wintertime increase
in precipitation frequency over the northern Pacific
and Atlantic oceans. During June-July-August, so
few ship reports were received from the far south-
ern latitudes that reliable frequencies could not be
computed for much of this region.
Limiting the sample to the set of reports indicat-
ing precipitation actually observed at the station at
the time of the observation (groups 7, 10-12, and
14-31), we obtain maps depicted in Fig. 8, which
may be interpreted as depicting the approximate
climatological frequency of precipitation at a single
point in time and space. It is seen that the ITCZ is
a less rainy place, at least in terms of precipitation
frequency averaged over a 7.5 ° gridbox, than the far
southern latitudes.
Not surprisingly, the instantaneous local precipi-
tation frequencies in Fig. 8 are generally lower than
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the frequencies of nearby and/or recent precipita-
tion depicted in Fig. 7. The fact that the ratio is
regionally dependent is of some interest and will be
considered again in the next subsection.
The patterns of rainfall frequency in Fig. 8 show
some interesting differences from recent climatolo-
gies of annual or seasonal rainfall accumulation. For
example, the map of mean annual precipitation by
Legates and Willmott (1990) (not shown) depicts
a very prominent 1500 km-diameter "bulls-eye" of
greater than 12 mm day -1 embedded in the Pacific
ITCZ near 140°W. No analogous feature is observed
in Fig. 8. Spencer (1993), too, noted that this fea-
ture in the Legates and Willmott climatology was in-
consistent with his own 14 year rainfall climatology
based on Microwave Sounding Unit (MSU) observa-
tions. He attributed the discrepancy to the sparse-
ness of surface ship data employed at that location
in the Legates and Willmott analysis.
On the other hand, while the Spencer MSU-
derived climatology (not shown) agrees quite well
with Fig. 8 in the placement and shape of the ITCZ,
there are important differences in the higher lati-
tudes. In particular, the Spencer climatology de-
picts very pronounced, narrow "storm tracks" of en-
hancedrainfall extending eastward and slightly pole-
ward across each of the midlatitude oceans. While
the equatorward boundaries of his storm tracks have
counterparts in Fig. 8, the poleward boundaries
and the local maxima at the track centers do not.
Rather, the COADS precipitation frequencies con-
sistently increase more or less monotonically toward
higher latitudes. As will be further discussed in Sec-
tion 4.d, such differences between rainfall frequency
patterns and mean rainfall accumulation can be rec-
onciled only if it is assumed that there is a drastic re-
duction in the average precipitation intensity, within
precipitation, poleward of the storm tracks.
Figure 9 depicts the climatological frequency of
PW reports indicating strong convective activity
and/or thunderstorms (character class 3 in Table
2; PW groups 2, 15, 18, 24, and 27). Not surpris-
ingly, the highest frequencies are concentrated in the
tropics and subtropics along the ITCZ and SPCZ.
Less expected, perhaps, are the relatively high fre-
quencies (>4%) appearing in the middle and high
northern latitudes during Fall and Winter seasons.
It will be shown in a later subsection that the rel-
atively high level of convective activity reported at
high latitudes appears less dramatic when consid-
ered as a percentage of all precipitation reports.
4.3 Zonal Averages
Figure 10 depicts the latitude-averaged frequency of
all reports indicating "local or nearby surface pre-
cipitation" (i.e., all PW categories excepting 13, as
in Fig. 7). Averages were obtained by first cal-
culating seasonal frequencies on 2.5 ° gridboxes and
then averaging over longitude for ocean gridboxes
containing a minimum of 5 valid reports. Similar
calculations (Figs. 11-14, respectively) were done
for "local precipitation at the time of observation"
(groups 7, 10-12, and 14-31; as in Fig. 8), "local
precipitation of greater than drizzle intensity" (PW
groups 7, 14-31), "local precipitation of moderate
or heavy intensity" (groups 23-31), and "deep con-
vection in the vicinity" (groups 2, 15, 18, 24, 27).
One interesting aspect of Figs. 11-13 is the very
high reported frequency of precipitation at high lat-
itudes, with total instantaneous precipitation fre-
quencies (Fig. 11) exceeding -,-20% at latitudes
poleward of 60 °. Even precipitation of moderate
to heavy intensity (Fig. 13) is more likely to be
reported north of 40ON during the winter months
than anywhere else over the ocean, including the
ITCZ belt. The latter statistic is perhaps less re-
liable than the first, however, since it depends on
the ability of shipboard observers not only to note
the occurrence of precipitation but also to classify its
intensity according to reasonably consistent criteria.
As discussed in section 2c, the subjective perception
of intensity by an observer in any given instance
may perhaps be biased by "typical" intensities ex-
perienced in a given climate zone.
Between the equator and 15°N, the latitudinal
distribution of precipitation is nearly identical for
both the DJF and MAM periods; the JJA and
SON periods are likewise very similar. Among other
things, these results suggest that, at a given latitude
between 5* and 15*N, the annual cycle in oceanic
rainfall peaks near August and September and is
at a minimum near February and March, consistent
with the expected influence of the monsoonal dry
and rainy seasons over a substantial fraction of the
tropical oceans. North of 35"N, on the other hand.
distributions are nearly identical for the fall and
spring seasons, while the summer and winter sea-
sons, not unexpectedly, represent opposite extremes
in precipitation frequency.
In contrast to both of the above results, virtually
no seasonal cycle in precipitation frequency is ob-
served throughout most of the southern hemisphere.
Hahn et al. (1995) found a similar lack of seasonal
cycle in southern hemispheric cloud cover over the
ocean, especially for daytime observations. While
it is expected that the predominance of ocean area
in the southern hemisphere would tend to moderate
seasonal changes in baroclinicity relative to those
in the northern hemisphere, there are nevertheless
large seasonal variations in the mean air tempera-
ture over the Antarctic continent (and thus in the
meridional temperature gradient offshore) as well as
in the latitudinal extent of contiguous coverage by
sea ice. That the reported precipitation frequency
does not respond more markedly to these environ-
mental differences is noteworthy.
Figure 14 depicts the frequency of reports sugges-
tive of deep convective activity in the vicinity of the
ship (PW groups 2, 15, 18, 24, and 27; as in Fig. 9).
Unlike the precipitation frequencies discussed above,
the frequency of deep convection tends to fall off to-
ward high latitudes, though not as rapidly as one
might expect. Frequencies in and near the ITCZ are
only slightly higher (,,-5%) than those reported at
35-40 ° during DJF (4.4%). Also, in contrast to the
precipitation frequency, there is significant seasonal
variability in the frequency of convective activity in
the southern tropical and middle latitudes. Inter-
estingly, a sharp maximum is found in both hemi-
spheres at identical latitudes (37.5-40 °) during the
respective winter seasons; the same latitudes are as-
sociated with a local minimum in convective activity
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Fig. 10: Zonally averaged seasonal frequencies of
reports indicating some form of surface precipita-
tion, either near or at the ship at the time of the
observation or during the preceding hour.
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Fig. 11: Same as Fig. 10, but only PW reports
indicating some form of surface precipitation occur-
ring locally and at the actual time of the observa-
tion.
4.4 Comparison with research ship observations
As already noted, one notable aspect of the zonal
average statistics computed above is the very high
frequency of precipitation reported in the far south-
ern latitudes. In particular, Fig. 11 shows average
frequencies of local precipitation increasing mono-
tonically from ---7% near 30°S to ,-,30% near 75°S.
Published climatologies of mean annual precip-
itation accumulation tend to show a zonal maxi-
mum on the order of 1000 mm yr -1 near 50"S,
with a decrease to approximately ",,500 mm yr -I
(Legates and Willmott 1990) or even as little as
-_250 mm yr -1 (Jaeger 1983) in the vicinity of 70°S.
In order for the frequency statistics presented here to
be consistent with those climatologies, there would
have to be a very sharp decrease toward the Antarc-
tic coast in the average precipitation rate within pre-
cipitation. For example, if one accepts the Jaeger
(1983) values, one must assume an average precip-
itation rate, within areas of precipitation, of _0.9
mm h -1 at 50°S, whereas the corresponding value
at 70°S would only be -_0.1 mm h -1.
However, even the frequency of moderate to heavy
precipitation derived from the COADS reports in-
creases sharply toward Antarctica (Fig. 13), with
values as high as _-6% in the vicinity of 70°S. If one
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Fig. 12: Same as Fig. 11, but excluding precipita-
tion of "drizzle" intensity (intens{ty class 1 in Table
2 and Table 3).
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Fig. 13: Same as Fig. 11, but including only pre-
cipitation of moderate or heavy intensity (intensity
class 3 in Table 2 and Table 3).
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Fig. 15: Location and timing (with respect to time
of year) of 3-hourly weather observations obtained
from the South African research ship S.A. Agulhas.
(a) geographic location; (b) latitude vs. time of year.
Fig. 14: Zonallyaveragedseasonalfrequenciesof
reportsindicatingstrongconvectiveactivity(char-
acterclass3 inTable2 and Table3).
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Fig. 16: Precipitation statistics derived from the
S.A. Agulhas. (a) Total counts of PW reports falling
in various intensity categories; (b) normalized fre-
quencies derived from the counts in (a).
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conservatively assumes a minimum intensity of-,-1.0
mm h -1 (equivalent to ,--,1 cm h -1 snow accumula-
tion) associated with this class of report and one ig-
nores the contribution from light precipitation, the
resulting lower bound on the mean annual precipi-
tation at that latitude is still ,'-500 mm or greater.
Including the contribution from light snow and/or
using a threshold for moderate precipitation more
in line with the nominal threshold of 2.5 mm h-1
would significantly increase the total.
One must therefore either conclude that total pre-
cipitation is more abundant in the far southern lat-
itudes than is indicated in previously published cli-
matologies or else that there are large systematic
biases in the reporting of precipitation frequency
and/or intensity at those latitudes by ships of oppor-
tunity. In order to investigate the latter possibility.
weather logs were obtained from a South African
scientific research vessel, the S.A. Agulhas, which
made several transits between South Africa and an
Antarctic coastal station during January 1991 - May
1993. The locations and seasonal timing of the Ag-
ulhas' weather observations are indicated in Fig. 15.
It is expected that weather observations taken
regularly at three hour intervals on board a sci-
entific research vessel are less likely to suffer from
systematic reporting biases of the type discussed in
section 2c than are the sometimes intermittent ob-
servations from the merchant or fishing vessels that
constitute the majority of COADS reports. It is
therefore noteworthy that the summary statistics of
the S.A. Agulhas' precipitation present-weather re-
ports for 50 latitude intervals (Fig. 16) are in ex-
cellent agreement with the corresponding COADS
statistics presented in Figs. 11-13, notwithstanding
significant statistical uncertainties in the Agulhas"
precipitation frequencies (esp. for moderate/heavy
precipitation) due to the small sample. There thus
appears to be no immediate basis for discounting as
biased the rather high COADS-derived precipitation
frequency statistics for this latitude belt.
4.5 Regional Characteristics of Precipitation
When absolute frequencies of various types of
oceanic precipitation are globally mapped as in sec-
tion 4b, only relatively subtle variations in global
patterns can be discerned, since the shapes of these
patterns are all dominated by the rather dramatic
differences in overall precipitation frequency that
distinguish the subtropical highs from the ITCZ.
SPCZ, and midlatitude storm tracks. New spatial
patterns, and new insight into the regional charac-
teristics of precipitation, emerge when the frequency
Fig. 17: Fractionof allsurfaceprecipitationreportsspecificallyassociatedwith "drizzle"intensityprecip-
itation(intensityclassi in Table 2 and Table 3).
of a selected class of precipitation report is expressed
as a fraction of the frequency of a more general class
that includes the first class as a subset.
There is a very large number of possible combi-
nations of groups that can be considered; space per-
mits only a few of the more interesting examples to
be presented here.
4.5.1 Intensity
Figure 17 depicts the fraction of all surface precipi-
tation reports, excluding those of indefinite intensity
(i.e., intensity code '0' in Table 3), that specifically
indicate precipitation of extremely light or "drizzle"
intensity (groups 9-12 only). Globally, a typical
value for this ratio is approximately 20-30%; slightly
smaller values prevail throughout much of the trop-
ical belt.
A few regions, however, show a decided prefer-
ence (>50%) for drizzle-intensity precipitation rel-
ative to other forms. One prominent region en-
compasses most of the Pacific north of 30°N during
June--August. Others correspond to known regions
of persistent coastal marine stratocumulus clouds
arising from a combination of cool sea surface tem-
peratures and subsiding air within the subtropical
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high pressure belts; the most prominent of these
are found off the west coasts of North America and
South Africa.
Less well documented is a narrow but pronounced
tongue of high drizzle fraction appearing just south
of the equator and west of South America during
the months of June-November. Both the season-
ality and location of this climatological feature is
consistent with low stratocumulus formation as air
blows northward over the tongue of cooler sea sur-
face temperatures on the south side of the equatorial
front(Deser et al.1993).
The very low drizzlefraction(<15%) appearing
atvery high latitudesprobably reflectsthe factthat
even extremely lightfrozen precipitationis more
likelyto be reported as lightsnow (codes 70 and
71) than asiceprisms (code 76)1snow grains(codes
77),or isolatedsnow crystals(code 78).
Figure 18 depicts the frequency of moderate or
heavy precipitation(intensityclass 3) conditioned
on the occurrence of precipitationof at leastlight
intensity(intensityclasses2 and 3 combined). The
frequency ofdrizzleintensityprecipitationisnot in-
cluded inthe denominator ofthisratio,becausetrue
drizzleisnormally produced by meteorologicaland
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Fig. 18: Fraction of all surface precipitation reports specifically associated with "moderate or heavy"
intensity precipitation (intensity class 3 in Table 2 and Table 3). Displayed fractions are calculated from
reports within 12.50 latitude-longitude windows centered on each 2.50 grid box.
microphysical processes quite distinct from those re-
sponsible for the other forms of precipitation.
As before, significant regional differences are ap-
parent, though the details of these differences are
more difficult to relate to known climatological fea-
tures. For example, there is a decided tendency
(>50%) for precipitation to be reported as moder-
ate to heavy in intensity in the vicinity of Indonesia,
near the southwest coast of North Africa, and be-
tween Africa and Madagascar, even relative to other
tropical areas. A similar tendency exists during the
spring and summer months over the northern Indian
Ocean.
By contrast, less than 20% of rain reports in re-
gions near the California and West South Africa
coasts are classitied as moderate to heavy. While
this may partly reflect a genuine predominance of
light rain, when rain occurs, the geographic distribu-
tion raises the possibility that many of the nominal
light rain reports in these areas actually represent
misclassified drizzle (cf. Fig. 17).
4.5.2 Phase
Figure 19 depicts the frequency of snow reports
(phase category 2) expressed as a fraction of all pre-
cipitation reports for which phase is indicated. The
seasonal shift in the snow line is clearly discernible
in the northern hemisphere, while it is considerably
less dramatic in the southern hemisphere. Indeed,
the northernmost boundary of occasional snowfall at
approximately 30°W longitude appears to be fixed
very close to 45°S latitude, irrespective of season.
In addition to shedding light on the seasonal
boundaries between predominantly liquid and pre-
dominantly solid surface precipitation, the qualita-
tive reasonableness and smoothness of the patterns,
even in data sparse regions, would appear to rule out
a significant contribution to the statistics by mis-
located reports. The only apparent anomalies are
a number of non-zero values for snow fraction ap-
pearing at certain low-latitude locations, especially
along the African, Arabian, and Indian coasts. One
preferred location is at the intersection of the Equa-
tor and Greenwich Meridian, suggesting that zeroes
have been substituted for the correct latitude and
longitude in a number of reports. Other anomalies,
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Fig. 19: l_action of all surface precipitation reports specifically associated with "snow" (phase class 2 in
Table 2 and Table 3).
such as those at the mouth of the Persian Gulf and
at 150S, 15*E in MAM and SON, are harder to ex-
plain, especially given the relatively high density of
legitimate ship reports at those locations.
4.5.3 Strong Convection and Thunder-
storms
Figure 20 depicts the frequency of PW reports in-
dicative of thunderstorms or strong convective ac-
tivity (character class 3) expressed as a fraction of
the frequency of all reports of precipitation, exclud-
ing intensity class 1 (drizzle). This depiction of the
relative predominance of strong convective activity
reveals some surprisingly pronounced regional vari-
ations.
In particular, the highest rates of thunderstorm
or squall activity appear to be confined to several
well defined zones in which such reports constitute
>24% of the total non-drizzle precipitation reports,
as contrasted with roughly half that value at many
other locations in the tropics and subtropics. Fur-
thermore, these zones of high activity appear to be
closely tied to the continents and to vary only in
relatively minor ways from one season to the next.
Even within the Atlantic and Pacific ITCZ, the ten-
2O
dency for thunderstorms, lightning, or squalls to be
reported depends rather strongly on proximity to
land.
Some similarities are apparent between the re-
ported patterns of thunderstorm/squall activity and
the tendency for heavier rainfall to be reported (cf.
Fig. 18) -- both maps, for example, are fairly con-
sistent in depicting higher fractions near Indonesia,
over the northern Indian Ocean, and near Central
America and West Africa. However, the regions of
high reported convective activity in Fig. 20 appear
more coherent and sharply delineated.
As noted in Section 4a, the inclusion of "squalls at
or within sight of the station" (PW code 18) intro-
duces some uncertainty in the meteorological inter-
pretation of the above statistics, since this code con-
tributes a significant fraction of the global reports
falling in character class 3, yet its reporting crite-
ria are probably among the least well-understood
by shipboard observers (based in part on the au-
thor's own experience as a shipboard observer in
the U.S. Navy). In order to specifically examine
the relative frequency of thunderstorm activity, the
COADS data set was reanalyzed, this time restrict-
ing the analysis to PW codes explicitly indicating
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Fig. 20: Fraction of all non-drizzle surface precipitation reports (i.e., excluding intensity class 1) specifically
associated with strong convection or thunderstorms (character class 3 in Table 2 and Table 3).
that lightning was seen or thunder heard (PW codes
13, 17, 29, and 91-99), expressed as a fraction of all
non-drizzle precipitation reports. The results, pre-
sented in Fig. 21, show an even more dramatic re-
gional variation than was the case for Fig. 20 (note
the introduction of a logarithmic scale in the shad-
ing scheme).
Clearly, the climatological tendency of precipita-
tion to be accompanied by thunderstorms is highly
nonuniform, even throughout the tropics, with the
preferred regions for thunderstorm occurrence ap-
parently tied closely to the major land masses.
Within those preferred regions, _10-25% of all non-
drizzle PW reports indicate thunderstorm activity,
whereas the fraction is as low as "-.3% or less over
much of the remaining ocean area, including some
areas of the so-called "warm pool" of the Western
Tropical Pacific. Interestingly, the SPCZ provides a
modest exception to this generalization, with thun-
derstorm reports comprising approximately 8% of
all precipitation-related reports in the December-
May seasons, a significantly higher fraction than is
found in much of the Pacific ITCZ. This apparent
anomaly may perhaps be related to the relatively
large number of islands scattered throughout the
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SPCZ region, notwithstanding the very small total
fractional area covered by land.
PW code 13 (lightning observed at a distance from
the station; no thunder heard) constitutes almost
one-half of the total thunderstorm reports. Fur-
thermore, the conditions under which distant light-
ning may be observed are likely to vary widely be-
tween different climate zones. For example, it has
been the author's experience that lightning associ-
ated with isolated thunderstorm cells or clusters can
frequently be observed .,,100 km away at night in
the tropics and subtropics, while over the middle
latitude oceans, the viewing of distant lightning is
often hampered by more widespread cloudiness and
precipitation.
In view of this additional ambiguity in the inter-
pretation of Fig. 21, the raw COADS data were
again reanalyzed, this time excluding PW code 13
and thus restricting the analysis to PW codes indi-
cating that a thunderstorm actually occurred (i.e.,
thunder was heard) at the ship's location at or just
prior to the observation time. It was found, how-
ever, that this modification does not greatly alter
the general spatial patterns of thunderstorm activity
described above, though it does reduce the overall
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Fig. 21: Same as Fig. 20, but excluding PW code 18. Note use of logarithmic scale.
frequencies.
4.5.4 Persistence of precipitation
As indicated earlier, some PW codes refer to pre-
cipitation observed during the preceding hour but
not at the actual time of the observation, while oth-
ers refer to precipitation at the station at the time
of the observation. The relative frequencies of the
two groups of PW codes contain information on the
temporal scale, or persistence, of individual precip-
itation events. For example, if all precipitation re-
ceived at a location is contributed by extremely brief
showers, then the likelihood of recording precipita-
tion during the preceding hour can be considerably
higher than the likelihood of recording precipitation
at the actual time of the observation. If, on the other
hand, precipitation events consist of relatively long
periods of continuous precipitation, then precipita-
tion occurring during the previous hour is less likely
to end before the nominal observation time; hence
the relative frequency of reports of precipitation at
the time of the observation increases.
Figure 22 depicts the ratio of the frequency of re-
ports indicating non-drizzle-intensity precipitation
at the time of the observation (i.e., the climato-
logical "instantaneous" probability of non-drizzle
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precipitation) to that of all reports of non-drizzle
precipitation at the station, including precipita-
tion observed during the preceding hour (i.e., the
climatological 1-hour probability of precipitation).
Throughout most of the high latitudes, the ratio ex-
ceeds 0.7-0.8, consistent with the expectation that
high latitude precipitation is largely stratiform in
character and is thus associated with relatively per-
sistent precipitation. In the subtropical high pres-
sure zones, on the o_her hand, the ratio is often
less that 0.5, confirming the expectation that pre-
cipitation there is associated with more transient or
localized precipitation events, such as trade wind
cumulus showers. Interestingly, ratios are generally
somewhat higher in the northern hemisphere sub-
tropics than in the southern hemisphere subtropics,
except during the northern hemisphere summer.
Other minor features are apparent whose expla-
nation is less obvious. For example, in all but the
DJF season, the maximum ratio (>0.7) for the trop-
ics and subtropics is consistently found within the
short segment of Pacific ITCZ between 120°W and
135°W, suggesting that, climatologically, this region
is somewhat anomalous as regards the occurrence
of longer-lived and/or more stratiform precipitation
events.
Fig. 22: Frequency of local non-drizzle precipitation occurring at the time of the observation, expressed
as a fraction of all non-drizzle precipitation reports, including precipitation during the preceding hour. Low
values of the ratio imply a predominance of transient precipitation events; values approaching 1 imply a
predominance of long-lived precipitation events. Displayed fractions are calculated from reports within 12.5 0
latitude-longitude windows centered on each 2.5 0 grid box.
5 Conclusions
One of the primary motivations behind the present
study was the need to develop an objective, if
obviously incomplete, basis for predicting or as-
sessing the general performance of satellite rain-
fall estimation algorithms over remote areas of the
global oceans. Several results of the COADS-derived
present-weather statistics are significant in this con-
text:
(1) Precipitation frequencies are apparently quite
high (~10-20+%) in the far southern latitudes and
increase monotonically toward the Antarctic coast.
This observation runs counter to the results yielded
by the majority of the satellite microwave algorithms
submitted to the First Precipitation [Algorithm] In-
tercomparison Project (PIP-l; Barrett et al. 1994a),
most of which produced very low (,,,1%) frequen-
cies of precipitation at 50'S and/or decreasing fre-
quencies toward Antarctica. The striking disparity
between satellite and surface observations suggests
that the passive microwave detection of lighter, shal-
lower and/or frozen precipitation typical of the po-
lar environment (viz. Fig. 19) is an area requir-
ing additional attention. Similar differences were
noted between the general patterns of precipitation
frequency in Fig. 8 and the MSU-derived rainfall
climatology of Spencer (1993). However, in the lat-
ter case, the differences could be reconciled if the
Spencer method is correctly seeing a significant de-
crease in mean precipitation intensity (within pre-
cipitation) poleward of the storm track axes.
(2) The subtropical high pressure zones west of
South America and Africa are comparatively dry,
but are not completely devoid of precipitation. In-
deed, climatological frequencies of non-drizzle pre-
cipitation as high as 1-4% are found in some regions
where most PIP-1 submissions failed to detect any
precipitation at all over a 4-month period (August-
November 1987). Infrared-based algorithms (e.g.,
Arkin and Janowiak 1993) also consistently yield
extremely low (much less than 0.5 mm/day) rain-
fall amounts throughout rather large regions of the
subtropical oceans. In order for these estimates to
be compatible with the frequencies derived here, av-
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eragerainfallintensitieswithin rain events would
have to fall well below _-0.6 mm h-1. (A prelimi-
nary analysis by the author of ship reports for only
the 4-month PIP-1 period appears to rule out the
alternative explanation that this period simply co-
incided with much drier than average conditions in
the regions in question.)
Based on the ratio of 1-hour frequencies to instan-
taneous frequencies (Fig. 22), it seems likely that
precipitation of greater intensity does occur with
some regularity in much of the subtropical dry zone,
but that it takes the form of scattered, transient
showers which are too small to be detected with the
12-25 km resolution of the SSM/I and which have
tops too warm to be detected by IR threshold tech-
niques. Since there is no obvious way to overcome
either difficulty using currently operational sensors,
it could prove impossible for any satellite technique
to give reliable rainfall estimates within these re-
gions until such time as active microwave sensors
and/or higher resolution passive microwave sensors
become available in the latter part of this decade.
(3) In general, the results presented in Figs. 17-
22 suggest that the spatial scale and microphysical
character of precipitation varies strongly with loca-
tion and season, even within a given latitude belt.
Since satellite rainfall algorithms are known to be
sensitive to some of these properties, it seems un-
likely that any satellite technique can be made to
yield unbiased results globally without the benefit of
careful region-by-region calibration. In this context,
it should perhaps be of concern that many of the
low latitude radar sites most widely used for over-
water calibration of satellite algorithms (e.g., U.S.
Gulf and Atlantic coastal sites; Darwin, Australia)
appear to be located in regions of anomalously high
thunderstorm activity relative to the overall occur-
rence of precipitation.
On the other hand, ship-derived precipitation
statistics of the type presented in this paper may
be of some value for segmenting the global oceans
into zones of relatively homogeneous precipitation
properties. Within such zones, a satellite retrieval
technique might perhaps be expected to respond in
a more consistent manner to precipitation.
From a purely climatological perspective, the fol-
lowing additional features are particularly notewor-
thy:
(1) The frequency of thunderstorm reports, rel-
ative to all precipitation reports (Fig. 21), is
strongly region-dependent, even within the tropics.
In general, thunderstorm activity is favored within
1000-3000 km of land masses, while being quite
rare at greater distances, even within the ITCZ.
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Satellite-based studies of midnight lightning occur-
rence (Orville and Henderson 1986; Goodman and
Christian 1993) had already revealed a very strong
land-ocean contrast in the occurrence of lightning,
and Zipser (1994) has specifically focused on the ap-
parent rarity of lightning over the ocean, using ship-
board observations taken from the GARP (Global
Atmospheric Research Program) Atlantic Tropical
Experiment (GATE). All of these studies, however.
primarily highlight the sharp gradient in lightning
activity that is found in the immediate vicinity of
the coastline. The present analyses extends the pic-
ture not only by quantifying the relative reporting of
oceanic lightning activity on a global basis but also
by highlighting the apparently vital influence of land
on thunderstorm activity out to considerable dis-
tances over the open ocean. It is also interesting to
note that even the observations of reduced updraft
speeds and modified cloud microphysical properties
that Zipser (1994) cited as characterizing over-ocean
convective precipitation were nonetheless taken in
regions (e.g., near Taiwan, near Darwin, and in
the GATE region off the coast of Africa) of com-
paratively high thunderstorm activity, leading one
to wonder what aircraft observations of ITCZ con-
vection near 130°W during September-November
might reveal about cloud properties there.
(2) Both the latitudinal frequency of precipitation
of all intensities (Figs. 11-13) and the fraction of
precipitation that falls as snow (Fig. 19) show very
little seasonal variation in the southern hemisphere.
The frequency of apparent convective activity (Fig.
14), however, shows considerable seasonal variabil-
ity, with sharp winter maxima occurring near 380
latitude in both hemispheres.
(3) Drizzle is the preferred form of precipita-
tion in a number of well-defined regions (Fig. 17),
most of which coincide with known regions of persis-
tent marine stratus and stratocumulus. Less well-
documented, however, is a rather narrow but pro-
nounced tongue of high drizzle occurrence extend-
ing westward from South America along the equa-
tor during the June-November months. This feature
may be associated with colder sea surface tempera-
tures created by coastal and equatorial upwelling.
Since it is believed that some of the climatological
characteristics of oceanic precipitation described in
this paper have not been fully documented or ex-
plained in the past, it is hoped that these results
will stimulate new discussion and research regarding
the relationship between climate-scale dynamics and
the occurrence and character of surface precipitation
over the ocean. Future work may include an exam-
ination of the relationship between COADS-derived
oceanicprecipitationpatternsandthe phase of the
Elfio/Southern Oscillation (ENSO). The 2.5 0 grid-
ded present-weather histogram produced as part of
this study has been archived as a computer-readable
data file and is available from the author or from the
Scientific Computing Division, National Center for
Atmospheric Research.
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Abstract
Ten algorithms submitted to the first Precipita-
tion Intercomparlson Project (PIP-l) are evalu-
ated with respect to their ability to reproduce
global dlstrlbutlons of oceanic precipitation fre-
quency Inferred _om ship reports. It Is found
that, while most algorithms yield distributions
In reasonable agreement with the ship-derlved
climatology at low latitudes, the majority fall to
register more than very infrequent (_.1%) precip-
Itation at latitudes poleward of about 45 °. Only
two algorithms, both of which were based on
the brightness temperature transformations of
Petty (1994), succeeded In generally reproducing
global patterns at all latitudes. All algorithms,
however, appeared to have difficulty reproduc-
Ing ship-derived precipitation frequencies In the
subtropical trades. This problem Is tentatively
attributed to the unique physical characteristics
of precipitation In those regions.
1 Introduction
Considerable effort has been devoted in recent years
to the development and validation of satellite rain-
fall retrieval techniques. The deployment, begin-
ning in 1987, of several copies of the Special Sen-
sor Microwave Imager (SSM/I) was partly respon-
sible for triggering a flurry of new research into the
problem of accurately estimating rain rate from pas-
sive microwave radiometers. An additional stimu-
lus has been the increasingly apparent need within
the climate modeling and global change communi-
ties for an accurate climatology of global precipita-
tion. As a result, there are now a number of dis-
tinct national and international research programs
in place at least partly for the express purpose of
furthering the development, validation, and/or dis-
semination of satellite-derived precipitation prod-
*Corresponding Author Address: Grant W. Petty, Earth
and Atmospheric Sciences Dept., West Lafayette, IN, 47907-
1397
ucts. Prominent examples include the WMO Global
Precipitation Climatology Project (GPCP), which
to date has sponsored three Algorithm Intercom-
parison Projects (AIPs) as well as directing the
archival and dissemination of various satellite and
ground-truth precipitation data bases; NASA's Wet-
Net project, which has sponsored two Precipita-
tion lntercomparison Projects (PIP-l, Barrett et al.
1994a; and PIP-2, in progress); and the Tropical
Rainfall Measuring Mission (TRMM; Simpson et al.
1988), which will launch a dedicated rainfall mea-
suring satellite into orbit in the near future.
The potential for passive microwave techniques in
particular to more or less directly sense precipita-
tion, and thus mitigate the severe dearth of surface-
based precipitation data over the majority of the
world's surface, is well-known. Unfortunately, the
same lack of surface data has made it difficult to
evaluate the actual global performance of compet-
ing algorithms.
Nowhere is the problem more acute than over
the world's oceans. Algorithms for the passive mi-
crowave retrieval of precipitation must generally
be developed separately for over water and over
land use, owing to the drastically different mi-
crowave emissivity characteristics of the two surface
types. Whereas only scattering-based microwave al-
gorithms (typically using the 85.5 GHz channels of
the SSM/I and sensitive primarily to ice particles in
the upper portions of rain clouds) are of practical
value over land, the ocean background admits two
additional classes - emission-based and attenuation-
based algorithms- which are more directly sensitive
to cloud and precipitation liquid water below the
freezing level. Consequently, numerous over-water
rain rate algorithms now exist whose performance
cannot be empirically evaluated by any means other
than comparison with over-water precipitation ob-
servations of some form.
In this study, it is shown that climatological pre-
cipitation frequencies, derived from surface ship re-
ports as described by Petty (1995), can be used

to evaluate certain aspects of the global quality of
oceanic rainfall retrievals from the SSM/I. The al-
gorithms considered here include all ten of those for
which latitude-time products (along selected merid-
ians) were submitted to the first Precipitation [al-
gorithm] Intercomparison Project (PIP-l) and for
which these products were subsequently released in
CD-ROM form to participants and other interested
parties. In the short time that has elapsed since the
PIP-1 exercise, many of these algorithms have un-
dergone significant modification and many new algo-
rithms have been developed. The results presented
here are therefore intended primarily to highlight
some of the common strengths and weaknesses of
seemingly distinct retrieval strategies, as well as to
call attention to the regionally dependent nature of
the rainfall retrieval problem. An additional motiva-
tion of this study is the desire to provide a degree of
empirical corroboration for some of the purported
advantages of the author's transformed microwave
attenuation and scattering indices (P and S, re-
spectively; Petty 1994a,b) in the context of global
over-ocean rainfall estimation.
2 Background
Three organized algorithm intercomparisons to date
have attempted some degree of uniform validation
of multiple microwave rain rate algorithms over wa-
ter. The first GPCP Algorithm Intercomparison
Project (AIP-1) focused on Japan and its neighbor-
ing waters during June-August 1989 (Arkin and Xie
1994), and interested satellite algorithm developers
submitted visible, infrared, and/or microwave-based
rain rate products for that period. Unfortunately,
at that time the SSM/I's 85.5 Gllz vertically po-
larized channel was non-functional, thus handicap-
ping or excluding some otherwise viable microwave
algorithms. A second AlP focused mainly on the
European continent and surrounding waters during
February through early April 1991.
For both AIP-1 and AIP-2, SSM/I products were
submitted for a relatively small set of individual
data swaths. Over water validation consisted of
near-coincident coastal radar data scans, and these
were sometimes of questionable quantitative value
for the few precipitation events that were distant
enough to avoid coastal contamination of the over-
water microwave retrievals. As a result, the sam-
ple size and quality in both AIPs proved somewhat
marginal for evaluation of the over-water submis-
sions.
An additional limitation of both AIPs was that
intercomparisons were each restricted to rather nar-
row geographical regions. Good performance of an
algorithm in the context of one or both of these
studies could not necessarily be extrapolated to the
rest of the world's oceans, owing to expected re-
gional, latitudinal, and seasonal variability in pre-
cipitation morphology and microphysics, as well as
that of other background variables, such as atmo-
spheric water vapor content.
In light of the above limitations, the first Precip-
itation lntercomparison Project (PIP-l; Barrett et
al. 1994a) was notable for its global scope. For PIP-
1, gridded global monthly rainfall estimates, at 0.5 o
resolution, were solicited from all participants for
th6 months of August-November 1987, and these
were intercompared both with surface truth data
sets (principally gauges) and with other independent
satellite- and model-based rainfall estimates and cli-
matologies.
As was the case for the two AtPs, however, the
availability of objective over-water validation data
was extremely limited in PIP-l, this time consisting
of monthly rain gauge totals from a number of atolls
and small islands in the western tropical Pacific.
The primary available criteria for evaluating over-
water algorithm submissions in PIP-1 were therefore
(1) statistical comparisons of monthly gridded satel-
lite estimates with the atoll gauge totals, (2) statis-
tical comparison of individual algorithm estimates
at each grid point with the ensemble statistics (e.g.,
mean, extremes) of all submitted products at that
point, and (3) subjective assessment of the "reason-
ableness" of retrieved global rainfall distributions.
Of the above three criteria, only (1) is a quanti-
tatively useful, objective measure of an algorithm's
true performance, albeit for a restricted climate
regime. If one specifically considers the correlation
coefficient between 2.5 ° satellite rainfall and atoll
gauge total, 8 of the 12 distinct SSM/I algorithms
submitted to PIP-1 were statistically indistinguish-
able in performance, all falling within 2-3% of the
top correlation (0.91 for grid boxes containing 3 or
more atoll observations). RMS errors varied consid-
erably more, but for those algorithms that had good
correlation coefficients, a large RMS error may sim-
ply reflect an easily correctable calibration bias, as
some newer physically based algorithms were sub-
mitted without prior empirical calibration.
Yet the available gauge measurements obviously
bear only on the performance of competing algo-
rithms under conditions specific to the western trop-
ical Pacific. Indeed, the impressive (and surpris-
ingly similar) atoll correlation results for many PIP-
1 algorithms begin to seem less significant when
one considers the disparate global distributions of

oceanic rainfall retrieved by the same algorithms
(Barrett et al. 1994b). Particularly marked were
differences in the precipitation retrieved in two re- 3 Data
gions for which there was no surface validation data:
(1) the "dry" subtropical high pressure zones west of
North and South America and South Africa, and (2)
the oceans poleward of approximately 450 latitude.
Many of the disparities are manifestly due not
only to differences in the retrieved magnitudes of
rain intensity in individual events, but also to some-
times marked differences in the frequency and/or
spatial coverage of non-zero retrievals. It has previ-
ously been argued by the author (Petty 1995) that
the ability of a microwave rainfall algorithm to cor-
rectly retrieve the areal extent of a precipitation
event is an even more direct and fundamental mea-
sure of the its global robustness than its ability to
correctly estimate the monthly rainfall total for a re-
gion, since the former achievement is more strongly
dependent on the correct isolation of the rainfall sig-
nal from other contaminating variables, of which wa-
ter vapor and ocean surface emissivity variations are
perhaps the two most important (Petty 1994a,b).
Fortunately, rainfall frequencies should be con-
siderably easier to verify over the ocean than rain-
fall amounts, since only qualitative observations of
the presence or absence of rainfall are needed for
this purpose, rather than calibrated gauge measure-
ments. Routine synoptic weather observations sup-
plied by oceangoing vessels provide by far the most
abundant source of such information.
Petty (1995) undertook a statistical analysis of
34 years of shipboard present-weather observations
spanning the period 1958-1991 in order to eluci- ADL
date regional and seasonal differences in the Ire- BER
quency, character, and phase (e.g., frozen vs. liq-
uid) of surface precipitation over the ocean. AI- D5K
though there are several known factors that could FER
introduce modest systematic biases into quantita- GWP
rive climate statistics derived from synoptic ships SJG
reports, there are no known reasons to expect such SMI
biases to much exceed, say, 0(10%) in relative mag-
nitude. There is therefore no compelling reason to
question at least the qualitative picture of rainfall SM2
frequencies and other characteristics that emerged
in the analysis of Petty (1995).
The following comparison of satellite-derived pre- WIL
cipitation frequencies with shipboard precipitation
frequencies derived according to the methods of
Petty (1995) is therefore believed to offer the most WSO
substantive basis to date for assessing at least the
qualitative performance of multiple satellite rain
rain algorithms over those vast oceanic regions for
which neither gauge nor radar rainfall estimates are
available.
3. I SSM/I Algorithms and Products
A total of 18 satellite-derived rainfall products were
submitted to PIP-I, of which 3 were at least partly
based on non-SSM/I rainfall information (infrared
satellite data, or data from the Microwave Sounding
Unit). The primary product evaluated in PIP- 1 con-
sisted of gridded global monthly rainfall estimates at
0.50 resolution for the months of August-November
1987.
A secondary set of products solicited from par-
ticipants included latitude-time and longitude-time
grids of instantaneous rain rate at 0.50 spatial res-
olution for selected lines of longitude or latitude,
respectively (Table 1).
Table 1: Longitude bands
169.5-170.0W
99.5-100.0W
59.5- 60.0W
19.5- 20.0W
25.0- 25.5E
95.0- 95.5E
Table 2: Primary literature references for PIP-1
rainfall algorithms examined in this study.
Algorithm References
Adler et al. (1993)
Hollinger (1987),
Berg and Chase (1992)
Kidd and Barrett (1990)
Ferriday and Avery (1994)
Petty (1994a,b)
Hollinger (1987)
Smith and Mugnai (1988),
Smith et al. (1992),
Mugnai et al. (1993)
Smith and Mugnai (1988),
Smith et al. (1992),
Mugnai et al. (1993)
Wilheit et al. (1977),
Wilheit et al. (1991),
Wilheit et al. (1994)
Wilheit et al. (1994),
Petty (1994a,b)
These products were submitted for 11 of the par-
ticipating SSM/I algorithms, of which the over-

water component of two algorithms (D5K and XXX)
are identical, leaving a total of 10 distinct over-water
products. The 10 algorithms and their primary lit-
erature references are listed in Table 2. For more
detailed descriptions of the algorithms, see Wilbeit
et al. (1994) and the references cited in Table 2. In-
dividual algorithms will be referred to hereafter by
their 3-letter PIP-1 identifiers.
Because of a programming error that was only de-
tected after PIP-1 algorithms and results were writ-
ten up by Wilheit et al. (1994), it must be noted
here that the GWP product, as submitted to PIP-
1, was not derived from the full inversion algorithm
described by Petty (1994b) but rather from the first-
guess rain rate for that algorithm, which is derived
from a much simpler 85.5 GHz scattering-based al-
gorithm. This clarification is important for the cor-
rect interpretation of the results described below.
Although both hardcopy and computer-readable
copies of the latitude-time and longitude-time prod-
ucts were returned to all participants, no quantita-
tive analysis of these was these was ever undertaken
as part of the formal PIP-1 validation exercise. Nev-
ertheless, these products are unique among those
submitted to PIP-I in providing an opportunity to
analyze the frequency distributions of instantaneous
rainfall yielded by the various algorithms and to
compare these distributions with those from surface
ship reports.
The latitude-time and longitude-time prod-
ucts spanned the same 122-day period (August-
November 1987) as the monthly global total rainfall
products, but segregated according to whether the
satellite was in its ascending or descending leg on a
given day. Thus, a maximum of 244 instantaneous
rain rate estimates, at 0.5°x0.5 ° spatial resolution,
were available for each geographic location included
in the profiles. However, because successive SSM/I
data swaths are non-overlapping at latitudes equa-
torward of 57 °, the true available sample size de-
creases from 244 at that latitude to slightly more
than half that number at the equator.
The primary emphasis in this study is on the
fraction of the valid sample from each gridbox for
which an algorithm reported a rain rate exceeding
some threshold (most commonly zero). In compar-
ing these with ship-derived precipitation frequencies
described below, several qualifications must be kept
in mind.
First, the frequency of occurrence of precipitation
somewhere within a 0.50 x0.5 ° box is expected to be
somewhat greater than the point frequency of pre-
cipitation at the same location, since it is common
for an area of that size to be only partially filled by
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precipitation. The magnitude of the difference is ex-
pected to depend on the characteristic spatial scale
of the precipitation, which in turn is known to be
strongly regionally dependent, as demonstrated for
example by the data of Petty (1995). In particular,
it is expected that 0.5°-resolution precipitation fre-
quencies, if perfect, would slightly overestimate the
point frequency of the typically widespread oceanic
precipitation at high latitudes, while strongly over-
estimating the point frequency of showery precip-
itation in the subtropical trade belts. The above
behavior notwithstanding, the 0.5°-resolution fre-
quency of rainfall exceeding some relatively high
threshold of intensity may be expected to under-
estimate the point frequency of the same intensity,
since intense rainfall rarely fills more than a small
fraction of a -_50 km box. In summary, the overall
effect of spatial averaging of point rainfall distribu-
tions is to raise the frequency of non-zero rain rates
while reducing the frequency of the most intense rain
rates.
Secondly, it is rarely, if ever, claimed that any
satellite rainfall technique detects all precipitation;
rather, it is generally assumed only that rainfall
greater than some threshold intensity and cover-
ing a significant fraction of the SSM/I's field of
view (FOV) will be detected. Consequently, satellite
estimates of 0.5°-resolution precipitation frequency
can be expected a priori to underestimate the true
0.5°-resolution frequency of all precipation by some
amount, the amount depending on the ability of the
algorithm to detect the lightest precipitation and/or
the smaller sub-FOV scale showers. However, the
more extreme the underestimate, the more likely it
is that only a small, probably regionally dependent,
fraction of the actual rainfall will dominate the satel-
lite determination of total rainfall amounts.
Finally, at latitudes poleward of 57 °, the fre-
quency of non-zero satellite precipitation estimates
obtained from the PIP-1 latitude-time products
must necessarily represent an overestimate of a given
algorithm's actual retrieved precipitation frequency,
since the PIP-1 frequencies are then based on an av-
erage of more than one overpass per grid box. For
example, given a true rainfall frequency of --_20%,
it is possible in principle for a frequency estimate
based on an average of two overpasses per grid box
to be as high as 36% (i.e., one minus the square of
the no-rain frequency of 80%), or 1.8 times the true
value. In practice, of course, the potential size of
the error will be greatly reduced by (i) the relatively
small degree of overlap between pairs of orbits at all
but the highest latitudes and (ii) the expected high
temporal autocorrelation of rainfall in a high lati-

tudegridbox,relativeto thesatellite orbital period
of 104 minutes.
8._ Shipboard Rainfall Frequencies
The analysis of shipboard observations of present
weather to yield climatological estimates of the fre-
quency and other characteristics of oceanic precip-
itation is described in some detail by Petty (1995).
For the purposes of the present study, it is suffi-
cient to point out that personnel aboard numerous
merchant and military vessels worldwide have long
routinely reported various facets of the weather ex-
perienced at the ship's location, using the shipboard
synoptic weather code defined by the World Mete-
orological Organization (e.g., WMO 1974). One el-
ement of that code is used to characterize present
weather, the most common examples of which in-
clude obstructions to visibility and the various forms
and intensities of precipitation. Simple tabulation of
the frequency of occurrence of various categories of
present weather, relative to all valid present weather
reports, permits the climatological frequency of oc-
currence of that class of weather to be estimated.
Unlike the use of gauges and other instruments to
measure rainfall amounts or intensities at sea, the
subjective assessment by an observer of whether or
not precipitation is occurring at the location of the
ship is reasonably robust. Potential systematic bi-
ases in the reporting of precipitation are postulated
to result primarily from the impact of foul weather
on ship routes and speeds. While it is difficult to as-
sess the magnitude of such biases globally, compar-
isons of cloud reports from moving ships with those
from nearby fixed weather ships in the North At-
lantic and North Pacific have generally revealed at
most modest differences (e.g., Warren et al. 1988).
Less robust, is the subjective classification of pre-
cipitation intensity by shipboard observers. While
some distinct classes of reportable precipitation
(e.g., drizzle, snow grains, etc.) are almost in-
variably associated with extremely low precipitation
intensities (hereafter referred to as "drizzle inten-
sity"), true rain or snow is characterized both by
larger hydrometeor sizes and by a very broad range
of possible precipitation rates. The available present
weather codes usually permit a distinction to be
made between rain or snow which is "slight" at the
time of observation and that which is "moderate or
heavy".
According to the Federal Meteorological Hand-
book for surface weather observations (FMH 1978),
the nominal threshold for reporting at least mod-
erate rain is 2.5 mm h -1. In practice, however, it
seems likely that an observer's subjective percep-
tion of intensity in a given case is at least partly
measured against what that observer has typically
experienced in the recent past. Also, the intensity
of snowfall is determined often based on visibility
rather than accumulation rate, with a threshold of
5/8 statute mile (in the absence of another obstruc-
tion to visibility, such as fog or haze) defining the
transition from light to moderate intensity. Petty
(1995) pointed out that a threshold of 1 mm h -1
or less might have to be assumed to bring the high
latitude reporting of moderate to heavy precipita-
tion (to which snowfall is a significant contributor)
into line with standard climatologies. Such a pre-
cipitation rate threshold would seem somewhat in-
consistent with either the nominal visibility or in-
tensity thresholds for non-drizzh precipitation. Of
course, the reliability of the climatologies themselves
in these data sparse regions has never been estab-
lished beyond doubt.
Despite the greater potential for reporting biases,
it will be useful to compare the satellite-derived fre-
quency of precipitation with that of various inten-
sity classes reported by ships, in addition to compar-
ing them with the more robust ship-derived frequen-
cies of all precipitation. The assignment of intensity
class to specific present weather codes is described
by Petty (1995).
In addition to the occurrence of local precipita-
tion at the actual time of the observation, present
weather codes are available for the reporting of (i)
precipitation observed in the vicinity of the 'ship
at the time of the observation and (ii) precipita-
tion observed at the ship during the hour preceding
the time of the observation. Because precipitation
observed during the preceding hour often persists
somewhere in the vicinity of the star.ion, both cate-
gories may be regarded as reflecting on the probabil-
ity that precipitation is present not too far from the
station at a given point of time. Thus, the inclusion
of these reports not only increases the nominal pre-
cipitation frequency significantly but may also yield
a product more conceptually compatible with the
O.5°-resolution precipitation frequencies represented
by the PtP-1 products.
The single more important factor limiting the use-
fulness of surface ship reports as validation for satel-
lite precipitation frequencies is sample size. While
certain regions of the North Atlantic and North
Pacific oceans, as well as a few major shipping
lanes elsewhere, are heavily sampled in the course
of a single year, reports from the majority of the
world's ocean areas, particularly the South Pacific
and Antarctic oceans, are quite sparse. In such re-
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Fig. 1: Latitudinal profiles of precipitation frequency (or fraction) at 170°W longitude for the months of
August-November, as derived from SSM/I retrievals submitted to PIP-1 for 1987 (thick line with square
markers) and from a 34-year climatology of surface ship present weather reports (thin lines). In order of
decreasing fraction, the thin lines represent (1) ship reports indicating local precipitation of any intensity at
the time of the observation, (2) precipitation reports of greater than "drizzle" intensity, and (3) precipitation
of moderate or heavy intensity.
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Fig. 1: (continued)
gions, a satisfactory sample size can be achieved only
at the expense of spatial and/or temporal resolution.
The approach employed in this study is to av-
erage ship-derived precipitation frequencies within
boxes of 7.5 ° latitude x 12.50 longitude, centered
on the 0.5°wide latitudinal or longitudinal strips for
which the PIP-1 products were derived. The use of
a more generous longitudinal averaging dimension
is justified by the generally weaker zonal gradients
in oceanic precipitation, as contrasted with rather
sharp meridional gradients in the vicinity of the In-
tertropical Convergence Zone (ITCZ) and elsewhere.
In addition to averaging spatially, frequencies were
averaged for the four calendar months (August-
November) employed in the PIP-1 intercomparisons.
Two sets of products were generated according to
the above procedures. The first is a climatological
precipitation frequency product covering the entire
34-year period of 1958-1991; the second product is
limited to the PIP-1 period of August-November
1987. Because of its substantially larger sample
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size, the climatological product is the most useful
one for assessing the general global performance of
the satellite algorithms. However, this product can-
not resolve interannual variations that might have
perturbed local rainfall frequencies way from their
climatological means during 1987. The single-year
product should capture such anomalies, but can do
so only in those heavily trafficked regions for which
a ,-,30-fold reduction in sample size still yields ade-
quate statistics.
In the calculation of precipitation frequencies, the
sample was considered adequate if a minimum of
2 instances of the target category appeared in the
sample. Based on a confidence limit of 68%, this
yields a worst case statistical uncertainty in the es-
timated frequency of slightly better than a factor
of 2, almost independent of total sample size. In
any given case, the robustness of the statistics can
also be judged from the degree of statistical "noisi-
ness" in the graphically depicted frequency profiles
discussed below.
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Fig. 2: (continued)
4 Results
4.1 Comparisons with 3f-year precipitation fre-
quencies
Figures 1-4 depict profiles of satellite-derived (for
ASON 1987) and ship-derived precipitation fre-
quency (ASON, 34-year) as functions of latitude for
the 4 meridional stripes that are predominantly over
ocean (170W, 100W, 20W, 95E). In each case, the
satellite results (heavy lines with markers) are com-
pared with the frequency of ship reports indicating
(i) local precipitation of any intensity at the time
of the observation, (ii) precipitation of greater than
"drizzle" intensity, and (ii) precipitation of moder-
ate or heavy intensity.
It is apparent from all of the above figures that
most algorithms capture at least the general shape
of the latitudinal distribution of precipitation fre-
quency in the tropics between 10S and 10N lat-
itude, in particular the lntertropical Convergence
Zone (ITCZ). Within the ITCZ, the agreement in
both shape and magnitude is particularly remark-
able for the ADL, BER, D5K, FER algorithms.
GWP, SMI, SM2, and WSO also yield reasonable
ITCZ shapes, but the overall frequencies are larger,
by varying degrees, than those derived from the 34
year record of ship reports. Recall, however, that
because of the different interpretations of the satel-
lite and ship-derived frequencies (the first is the fre-
quency in a 0.5* grid box, whereas the latter is a
point frequency), perfect agreement is not necessar-
ily to be expected.
The above qualification notwithstanding, two al-
gorithms (WlL and SJG) do appear to grossly over-
estimate precipitation occurrence in the ITCZ. In
addition, WlL exhibits significant problems with the
shape of the latitudinal profile, apparently because
of a tendency to retrieve very light (<1 mm h -1)
rainfall almost continuously over many regions of
the ocean. Because of the latter problem, which
was already recognized in the course of the PIP-I
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Fig. 3: (continued)
results analysis (Barrett et al. 1994), the rainfall
frequency characteristics of the WlL algorithm will
not be considered in further detail below.
Despite the large frequencies indicated SJG, the
general shape of the profiles is not unreasonable.
Nevertheless, it is difficult to explain a factor of
2-3 overestimate of precipitation frequency with-
out concluding that that algorithm may be respond-
ing at least partly to microwave signatures other
than that of precipitation alone; for example, non-
precipitating cloud water or water vapor.
A common feature of all algorithms, other than
WIL and SJG, is a nearly complete failure to detect
any rainfall whatsoever between the equator and ap-
proximately 15S at either 100W (Fig. 2) and 20W
(Fig. 3). At both longitudes, the latitude range
in question corresponds to the semi-permanent sub-
tropical high pressure zones located to the west of
South America and Africa, respectively. In strik-
ing contrast to the satellite-derived frequencies, the
ship-derived frequencies indicate that precipitation
11
occurs within these regions a significant fraction
of the time, with typical frequencies over 34 years
being approximately 4-5% for all precipitation, 2-
3% for non-drizzle precipitation, and approximately
1% for precipitation of moderate or heavy intensity.
While such an apparent discrepancy might be as-
cribed to interannual variability (i.e., the assump-
tion that ASON 1987 was an anomalously dry pe-
riod in the region in question, relative to the 34 year
climatology), the true explanation appears to lie in
the physical and spatial properties of precipitation
within those regions. This point will be examined
again in a later section.
Also in stark contrast with the precipitation fre-
quencies yielded by most, but not all, algorithms is
the tendency of ship-derived precipitation frequen-
cies to increase steadily from the subtropics to the
high latitudes. Indeed, the ship climatology indi-
cates that precipitation is more frequent poleward
of 40 o latitude than it is within the ITCZ. Exclud-
ing WIL, only one algorithm (GWP) reproduces
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Fig. 4: (continued)
this relationship. General agreement between WSO
and the ship-derived frequencies is also good within
this latitude belt, although WSO still finds some-
what slightly less precipitation there than in the
ITCZ. SJG exhibits reasonable frequencies between
20* and 40 ° latitude, but this observation must be
interpreted cautiously in light of the extreme overes-
timates made in the ITCZ. Furthermore, SJG yields
frequencies that sharply drop off poleward of 40 °, a
trend that is opposite to that suggested by the ship
reports.
All of the remaining algorithms (ADL, BER,
DSK, FER, SMI, and SM2) excepting GWP and
WSO appear to grossly underestimate the frequency
of precipitation of all intensities north of about 40N
and south of about 30S. For many of these algo-
rithms, the satellite frequencies are in considerably
better agreement with the ship-derived frequency
of moderate fo heavy precipitation. In particular,
ADL, BER, and D5K appear to generally repro-
duce the northern hemisphere frequencies of mod-
13
crate to heavy precipitation with good accuracy at
20W (Fig. 3), though the agreement elsewhere is
less striking.
In general, FER, SMI, and SM2 "appear to miss
a sizable fraction of even moderate to heavy pre-
cipitation at high latitudes. Indeed, these same al-
gorithms find almost no precipitation whatsoever
south of 20S at 95E longitude (Fig. 4), despite a
significant (2-5%) climatological frequency of mod-
erate to heavy precipitation there.
Overall, only two algorithm - GWP and WSO -
stand out in Figs. 1-4 as providing reasonable over-
all estimates of total precipitation frequency (all in-
tenslties) at most latitudes, the only exception being
the "dry" subtropical high pressure zones which, as
noted, appear to be problematic for all algorithms.
Of the two algorithms, WSO appears to be more
prone to overestimating precipitation frequencies at
some locations. However, it is again difficult to as-
cribe real significance to the observed differences
from climatology, both because of the coarser spatial
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Fig. 5: (continued)
resolution of the satellite frequency estimates and
because of the complication introduced by possible
interannual variability.
4.t Comparisons with 1987 precipitation frequen-
cies
Because of the possibility that oceanic precipitation
distributions during the period covered by PIP-1
might have been anomalous, relative to the 34 year
period covered by the ship climatology, additional
precipitation frequency profiles were generated us-
ing ship reports from August-November 1987 only.
The use of a single 4-month period greatly reduces
the area of the ocean over which a useful statistical
sample is obtained; consequently, graphical depic-
tions of the latitudinal profiles of shipboard precipi-
tation frequencies are useful only for 170W and 20W
(Figs. 5 and 6). Even in these cases, the profiles ex-
hibit greater statistical noisiness than for the 34-year
results, though the general trends and magnitudes
15
are still clearly evident.
Despite the less robust statistics, several impor-
tant differences between the 1987 results and the 34-
year results can be discerned. For example, whereas
the southern branch of the ITCZ at 170W appears
significantly weaker than the northern branch in the
34-year climatology (Fig. 1), the difference between
the two branches appears much smaller in the 1987
data (Fig. 5). The overall agreement in shape with
all of the algorithm results is thereby improved at
this location. Also, the overall frequencies in the
ITCZ increase somewhat, favoring those algorithms
(GWP, SMI, SM2, and WSO) that previously ap-
peared to slightly overestimate the frequency rela-
tive to climatology (Fig. 1). On the other hand, no
such improvement is noted in the ITCZ frequencies
at 20W (of. Figs. 3 and 6), though five algorithms
(ADL, BER, DSK, FER, and GWP) remain consis-
tent with the shipboard frequencies to well within a
factor of two.
More dramatic is the improvement in agreement
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Fig. 6: (continued)
outside the tropics. At both 170W and 20W (Figs.
5 and 6), three algorithms (ADL, BER., and FER)
appear to reproduce the latitudinal distribution of
moderate to heavy precipitation in the northern ex-
tratropics with striking accuracy. In the same lat-
itude belt, GWP and WSO, and to a lesser ex-
tent SJG, appear to excel at accurately reproduc-
ing the distribution of precipitation of all intensities.
Although the statistics are noisier in the southern
hemisphere, GWP and WSO both appear to be the
only algorithms giving a reasonable representation
of the distribution of precipitation of all intensities
at 170W (Fig. 5), though again WSO shows a ten-
dency to overestimate at some locations.
At 20W, the interpretation of the results in the
southern hemisphere is less clear. An acceptable
sample of ship reports was found only for the short
latitude segment between 15S and 30S. Within this
segment, the shape and magnitude of the frequency
distribution within this latitude does not appear to
be consistent with the results from any algorithm,
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nor is it consistent with the longer term frequencies
in Fig. 3. One plausible explanation is that the
feature is just a statistical artifact.resulting from
the small sample size. Another possibility is that
there was indeed an anomalously high frequency of
precipitation at that location during 1987, but that
it was associated with cumulus-scale tradewind-type
showers that are too small to be resolved by the
satellite microwave observations (see section 5.2).
_.3 Overall global performance
In order to quantify the degree of global consistency
between satellite-derived and ship-derived precipi-
tation frequencies over ocean, pooled comparison
statistics were computed for all 6 longitudes in Ta-
ble 1 (including those not appearing in Figs, 1 6),
based on all latitude segments, at each longitude, for
which the sample of ship reports was deemed satis-
factory according to the criterion given earlier. This
was done both for the 34-year (ASON) ship clima-
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Fig. T: Ratio of the global frequency of non-zero precipitation rate yielded by each algorithm to the global
ship-derived frequencies of(i) all precipitation (left marker), (ii) precipitation of greater than drizzle intensity
(middle marker), and (iii) precipitation of moderate to heavy intensity (right marker). (a) Comparison data
set corresponds to (a) the 34-year climatology for ASON or (b) ASON 1987 only
tology and for the restricted period of ASON 1987.
In the latter case, the comparison sample is much
less representative geographically on account of the
inadequate sample size over many regions, but this
disadvantage is partially offset by the exclusion of
interannual variability as a source for some differ-
ences.
Figure 7 depicts the ratio of the global frequency
of non-zero precipitation rate yielded by each algo-
rithm to the global ship-derived frequencies of (i)
all precipitation, (ii) precipitation of greater than
drizzle intensity, and (iii) precipitation of moder-
ate to heavy intensity. Consistent with the merid-
ional profiles presented earlier, it is seen that all
but 4 algorithms (GWP, SJG, WIL, and WSO)
significantly underestimate the overall frequency of
precipitation of light intensity. All 10 algorithms,
however, yield global frequencies that are at least
as large as the global ship-derived frequency of
moderate/heavy precipitation. One algorithm how-
ever (FER) yields an overall precipitation frequency
which is only barely greater than the ship-derived
frequency of moderate/heavy precipitation, suggest-
ing that this algorithm misses most light precipita-
tion.
As noted earlier, three algorithms (SJG, WlL,
WSO) yield frequencies of non-zero rain rate that
exceed even the climatological frequency of driz-
zle intensity precipitation, implying that these must
be frequently finding at least light rain in areas
where no rain in fact is present. Only one algorithm
(GWP) finds precipitation with a frequency that is
very close to the ship-derived frequencies of either
drizzle-intensity or light precipitation.
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For the three algorithms that appear to overesti-
mate total precipitation frequency, intensity thresh-
olds were found which, when applied to the gridded
latitude-time products, reduce the global satellite-
derived precipitation frequencies to values approxi-
mating the ship-derived frequencies of each intensity
class. Similarly, thresholds were found which op-
timized the agreement between all algorithms and
the observed frequency of moderate/heavy precipi-
tation. These thresholds are given in Table 3.
The use of empirically determined thresholds to
normalize the global precipitation frequencies from
each algorithm to a common value eliminates an
important ambiguity in any intercomparison of the
satellite-derived precipitation frequencies. In partic-
ular, it allows the underlying ability of an algorithm
to correctly depict spatial variations in the frequency
of precipitation of various intensities to be evaluated
without undue sensitivity to either the mean magni-
tudes of the retrieved rain rates or to problems of the
type experienced by the SJG, WlL, and WSO algo-
rithms. Of course, an a posteriori threshold applied
to the PIP-1 products cannot solve the problem of
severe underestimates of the frequency of light pre-
cipitation, as exhibited by ADL, BER, D5K, FER,
SMI, and SM2. It must also be recalled that the
above thresholds for normalizing the frequency of
retrieved precipitation on a 0.5 0 grid should not
necessarily be equated with optimal thresholds for
discriminating rain at the resolution of individual
SSM/I pixels. Finally, it is clear from Figs. I-6
that a threshold that optimizes the global frequency
of precipitation for an algorithm may be quite dif-
ferent than one that optimizes the frequency within
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Fig. 8: Correlations between the frequency of thresholded algorithm rainfall and ship-derived precipitation
frequencies, pooled over all usable portions of the 6 meridional frequency profiles. Correlation coefficients
are presented for both the 34-year period (left column) and for 1987 only (right column).
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a specific domain, such as the tropics.
ltaving normalized, to the extent possible, the
global frequencies, an algorithm's ability to correctly
reproduce the spatial patterns of oceanic precip-
itation of various intensities can then be quanti-
fied via the spatial correlation coefficient between
the algorithm-derived and ship-derived precipitation
frequencies, again pooled over all usable portions of
the 6 meridional frequency profiles. Correlation co-
efficients are presented for all algorithms, both for
the 34-year period and for 1987 only, in Fig. 8.
With respect to the 34-year climatology, two al-
gorithms -- GWP and WSO - stand out as giv-
ing the highest correlations, irrespective of intensity
threshold. In all cases, both algorithms consistently
yield correlation coefficients of r _ 0.7, even for the
lightest precipitation intensities (Figs. 8a and 8b),
for which all other algorithms give quite poor cor-
relation coefficients. The correlations for all of the
latter algorithms improve significantly as the precip-
itation intensity threshold increases. Nevertheless,
even for moderate/heavy precipitation (Fig. 8c),
only SJG achieves a correlation coefficient (r = 0.64)
approaching that of WSO and GWP, while all other
algorithms fall in the range 0.35 < r < 0.5.
With respect to the single-year shipboard precip-
itation frequencies, overall correlations are invari-
ably lower for all algorithms, probably due both
to the greater statistical noisiness of the shipboard
frequencies and to the smaller geographic range of
usable data. Nevertheless, the difference between
GWP and WSO and their nearest competitors re-
mains rather striking for lighter precipitation rates
(Figs. 8d and 8e). For these cases, WSO takes the
lead with r _ 0.5, while for GWP r m. 0.4. Five algo-
rithms (BER, D5K, FER, SMI, and SM2) yield near-
zero or even negative correlations at lighter intensi-
ties. For moderate/heavy precipitation, the distinc-
tion between ADL, GWP, SJG, and WSO essentially
vanishes, as all four algorithms yield r _ 0.4.
5 Discussion
The comparison between satellite and ship precipi-
tation frequencies highlights a two issues that merit
further examination: (1) the failure of most al-
gorithms to detect precipitation in the subtropical
dry zones, in contrast to the information from the
ship-derived climatology suggesting that precipita-
tion does regularly occur there; and (2) the failure
of most algorithms to make reasonable estimates of
precipitation fraction at high latitudes. These will
be considered in turn.
2O
5.1 Lack of high-latitude precipitation
The observed differences in correlation between
algorithm precipitation frequencies and shipboard
precipitation frequencies are easily explained by the
clear failure (Figs. 1-6) of most algorithms to find
much precipitation at high latitudes, even precipi-
tation of moderate or greater intensity. The reasons
for this failure, and the fact that two algorithms -
GWP and WSO - do not appear to share this prob-
lem, both merit examination.
Several factors relevant to passive microwave re-
mote sensing distinguish high latitude precipitation
from precipitation in middle and low latitudes. The
most obvious of these are (1) low total precipitable
water, (2) low average freezing level, and (3) the
higher likelihood of frozen precipitation at the sur-
face. All of these of course are related to the general
cold temperatures associate with polar air masses.
The first of these (low water vapor content) is im-
portant because of the influence of water vapor on
SSM/I brightness temperatures. Model calculations
reveal that the difference between 10 mm of total
water vapor at high latitudes and 60 mm of total
water vapor in the tropics implies a brightness tem-
perature difference of approximately 39, 60, 73, 25,
45, 41, and 82 K for the 19V, 19H, 22V, 37V, 3711,
85V, and 85H channels of the SSM/I respectively.
Regardless of which channels are used in an algo-
rithm, such differences are likely to be significant
relative to the signature of light precipitation. If an
algorithm has been tuned to retrieve light precip-
itation in the humid zones of the world, it is not
unlikely that it will overlook lighter precipitation at
high latitudes, unless the algorithm explicitly ac-
counts for the variable contribution of water vapor
to the observed brightness temperatures.
The second and third factors (low freezing level
and/or frozen precipitation at the surface) are
mainly of importance to those algorithms that de-
pend on an emission signature of precipitation, since
it is primarily liquid water that provides this signa-
ture, and the vertically integrated liquid water path
seen by the SSM/I will be small when the freez-
ing level (and thus the approximate geometric up-
per limit to the liquid precipitation layer) is low or
even at the surface. Thus, an algorithm that relies
entirely on emission may fail to see shallow rain in a
cold air mass, unless it accounts both for weakness
of the water vapor contribution and for the reduced
liquid water layer depth.
A scattering-based algorithm might not be ex-
pected to suffer from the same problem, since it is
predominately sensing the presence of precipitation

sizeice particles (grauple, snow aggregates) above
the freezing level. Nevertheless, some scattering-
based algorithms (e.g., ADL) rely on emission sig-
natures from liquid water at 37 GHz, or some other
lower frequency channel, in order to distinguish cold
85.5 Gllz brightness temperatures due to the open
ocean surface from cold brightness temperatures due
to scattering by ice. Therefore, even these algo-
rithms may have difficulty registering the type of
shallow, light precipitation that predominates at
high latitudes, notwithstanding the possible pres-
ence of sufficient ice aloft.
The key factors that are believed to distinguish
the GWP and WSO algorithms from the other
SSM/I algorithms considered here are that, both ex-
plicitly compensate for the effects of water vapor
on SSM/I brightness temperatures and both rely in
part on a polarization-corrected 85.5 Gitz brightness
temperature depression (similar to that of Spencer
et al. 1989) that allows scattering by ice to be dis-
tinguished even in the absence of significant liquid
precipitation.
5._ Rainfall in subtropical dry zones
Apart from the failure of many algorithms to reg-
ister much precipitation at high latitudes, the most
notable discrepancy between all algorithms (except
those which registered excessive precipitation vir-
tually everywhere) and the shipboard precipitation
climatology was the failure of the former to retrieve
any precipitation whatsoever in the subtropical dry
zones. By contrast, the ship climatology suggests
that, over the 34 year period in question, light (non-
drizzle) intensity precipitation occurs in these areas
,,_3% of the time (e.g., Fig. 2), and even moder-
ate to heavy precipitation is observed ,--1% of the
time. At the particular Iongititudes of the PIP-
1 latitude-time products, the ship sample is too
sparse to permit a direct comparison to be be made
for only ASON 1987; however, an examination of
neighboring regions within the dry zones (e.g., along
the Panama-Punta Arenas shipping lane), for which
sampling was adequate, reveals that 1987 was not an
anomalously dry year relative to the climatology.
It is significant, however, that the large major-
ity of reports of precipitation in these regions re-
fer not to precipitation at the ship at the time of
the observation, but rather to precipitation observed
reaching the surface near the ship or to rainfall at
the ship during the hour preceding the observation
time. The implication is that precipitation occurs
predominantly in the form of widely scattered, brief
showers that are far more likely to be observed in
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the neighborhood of a ship at a given point in time
than to actually be affecting the ship directly. The
Iow-etage cloud type codes most often reported to-
gether with past or nearby precipitation are 2, 3, and
8; corresponding (respectively) to cumulus conges-
tus, cumulonimbus calvus (a cumulonimbus tower
without a well-defined cirriform top or anvil), and
cumulus appearing together with stratocumulus.
Assuming that the above interpretation is cor-
rect, it is not surprising that SSM/I rainfall al-
gorithms have difficulty detecting these showers,
as the latter's spatial dimensions are undoubtedly
much smaller than the 30-60 km resolution of
those SSM/I channels used in most emission- or
attenuation-based algorithms. Furthermore, neither
a scattering-based microwave algorithm nor an in-
frared satellite technique is likely to respond to the
relatively warm tops expected with these showers.
If there is any hope at all of directly sensing pre-
cipitation from tradewind cumulus clouds with the
SSM/I, it probably lies with the use of the 85.5 Gtlz
channels in an emission- or attenuation-type algo-
rithm, as these channels have both the finest res-
olution and the highest sensitivity to liquid water,
provided only that levels of precipitable water not
excessive.
The one algorithm known to the author that uses
85.5 GHz information in anything other than a scat-
tering mode is that of Petty (1994b). Unfortu-
nately, as noted earlier, the GWP product submit-
ted to PIP-1 was based on the first-guess (scattering-
based) rain rate field only. It is therefore not yet
known whether the full physical algorithm of Petty
(1994b) would have had better success at detecting
some of the warm-rain showers that appear to pre-
dominate in the trade belts.
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Table 3: Precipitation intensity thresholds
(ram h -1) used to match algorithm precipitation
frequencies with ship-derived precipitation frequen-
cies for various intensity classes. A missing value
implies that the algorithm underestimated the fre-
quency of the class in question, even with a zero
intensity threshold.
Algorithm drizzle light moderate/heavy
ADL 0.6
BER 1.8
D5K 0.2
FER 0.1
GWP 0.0 0.I 1.0
S.IG 0.1 0.3 0.9
SMI - - 0.4
SM2 - - 0.9
WIL 0.5 0.8 1.9
WSO 0.2 0.4 1.0
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